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ABSTRACT 
 
This dissertation describes the limnology of the lower White River oxbow lakes in 
southeast Arkansas, inundated by the major 2008 spring flood. The flood water and sediment 
deposited in oxbow lakes were analyzed for water chemistry, sediment geochemistry and diatom 
assemblages and used as an analogue for past floods. The 2008 spring flood inundated and 
homogenized the entire floodplain; also represented by the predominantly planktonic diatom 
assemblage suggesting riverine input. Indicator species for eutrophication were also recorded 
consistent with the high nutrient content in the lakes. However, the variance in the surface 
diatom assemblage was best explained by the lake sill height and was used to develop a transfer 
function. The transfer function was applied to fossil diatom assemblage from Adams Bayou Lake 
sediment core (36 cm length) to test it as an archive for past White River floods. Cross validation 
of the developed model was done with river stage and the groundwater level data (proxy for 
increasing agricultural activity). The diatom inferred sill height was not successful in identifying 
the flood events in the lower section of the sediment core due to lack of modern analogue. The 
fossil assemblages show that the Adams Bayou was a stable, less disturbed system abundant in 
benthic diatoms prior to 1996 (estimated age) later converting into an open, nutrient rich system 
abundant in planktonic, eutrophic indicator diatoms. This shift in lake conditions towards the 
nutrient rich system also coincided with the lowering of groundwater due to increased 
agricultural practices. Finally, the history of flooding and land use for the past 750 years (
137
Cs 
and AMS used for chronology) was investigated from a 400 cm long sediment core from the 
Adams Bayou using sediment geochemistry. The lake was a steady system from 1300-1600 AD, 
but experienced major land use changes and flooding from 1800 AD till present. This study 
 
 
 
 
provides insights about current and past environmental conditions of the lower White River 
floodplain. It underlines the limitations of working in floodplain systems and also serves as a 
foundation for future paleolimnological studies in the study site as well as other floodplain river 
systems. 
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CHAPTER 1 
INTRODUCTION 
The floodplain is an “area that is periodically inundated by the lateral overflow of rivers 
and lakes, and/or by direct precipitation or groundwater; the resulting physico-chemical 
environment causes the biota to respond by morphological, physiological, phonological, and/or 
ethological adaptations, and produce characteristic community structures” (Junk et al., 1989).  
The river and the floodplain form a unit where hydrological connectivity acts as the key factor 
governing the river floodplain ecosystem (RFE) (Junk et al., 1989; Heiler et al., 1995). During 
the state of surface connectivity, sediment, nutrients, organic matter and biota are redistributed 
between the lotic and the lentic system (i.e., oxbow lakes, abandoned channels and flood plain 
lakes) in the floodplain, which affects its ecological state (Junk et al., 1989). Due to the 
dependence of the floodplain ecosystem on hydrological connectivity, alterations in the 
hydrologic cycle caused by river regulation practices such as dams and levee construction can 
significantly affect the RFE. 
Dams alter the water discharges, flood peaks, sediment and vegetation loads downstream 
from them, modifying the nutrient and sediment budget and resulting in shifts in species 
composition (Williams and Wolman, 1984; Bednarek, 2001) within the RFE. Levees, on the 
other hand, are intended to confine the river channel to prevent complete inundation of the 
original floodplain (Gregel et al., 2002). The lack of overbank flooding stops the lateral 
migration of aquatic organisms and exchange of nutrients and sediments to the floodplain 
(Gregel et al., 2002; Clark-Kolaks et al., 2009).  
 
 
2 
 
Approximately 80% of the river systems in the northern third of the world have been 
modified (Dynesius and Nilsson, 1994), and in the United States, nearly 98% of the rivers have 
managed flows (Gregel et al., 2002). These factors significantly increase the needs for better 
management practices to protect and restore the RFEs. Detailed studies of the current and long-
term ecological conditions are therefore essential for documenting the amount of modification 
that has occurred in the floodplain over time.  
This study focuses on the Lower White River Floodplain (LWRFP), Lower Mississippi 
Valley, in southeastern Arkansas. The White River is a tributary to the Mississippi River and 
joins the latter as an 8
th
 order meandering river (Missouri Department of Conservation, 2010). 
The White River forms a floodplain with many oxbow lakes that are periodically inundated in 
winter and most of the spring. Land use in the LWRFP varies from intensive agriculture 
(predominant in the northern section of the study site) to protected conservation areas (White 
River National Wildlife Refuge, Figure 1.1) in the southern portion. The White River National 
Wildlife Refuge is among the largest relatively undisturbed remaining tracts of flood plain 
bottomland hardwood forests in the lower Mississippi Valley (Arkansas Wildlife Federation, 
Missouri Department of Conservation, 2010). The refuge is very rich in terrestrial and aquatic 
biodiversity and was recognized by the Ramsar Convention on the Conservation of Wetlands as 
a Wetland of International Importance in 1989 (U.S. National Ramsar Committee, 2008). The 
upper White River has been managed for flood control by levee construction since the early 
1900s following creation of the Mississippi River Commission (Otto and Wakelyn, 1989; The 
Encyclopedia of Arkansas history and culture, 2009). The upper bedrock incised reaches of the 
White River also have dams:  Powersite Dam (MO, 1913), Bull Shoals Dam (AR, 1947-1952),  
Table Rock Dam (MO, 1954-58) and Beaver Dam (NW-AR, 1960) (NW-AR, 1960, Missouri 
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Department of Conservation). These river management activities were believed to have some 
influence on the flooding regime of the lower White River (Hoffman & Kilambi, 1971; 
Bedinger, 1979; Anderson, 2006). Due to the dependency of wildlife and vegetation on 
hydroperiod (the length of time and period of year the wetland holds water, Tarr and Babbit, 
2011) and flooding regime of the lower White River (Fredrickson and Heitmeyer, 1988; Clark-
Kolaks et al., 2009) it is essential to test if the river modification activities and land-use changes 
have substantially affected the flooding patterns of the White River and impacted the floodplain 
and the lakes associated with it. In order to test these assertions and to develop management 
strategies for the restoration of a floodplain, it is important to understand the interaction between 
the hydrologic and biotic processes in the floodplain (Stanford et al., 1996; Turner, 1998). There 
is a lack of information about prevailing limnological and geochemical parameters from the 
temperate river systems such as the lower White River. Also, no previous studies have focused 
on the long term paleo-limnological trends in the lower White River Floodplain.  
Even though many studies have focused on explicating information about past 
hydrological conditions stored in sediments from closed-basin lakes around the world, relatively 
few studies have concentrated on using sediments from oxbow lakes to understand and 
reconstruct paleo-ecological histories. The limited use of oxbow lake sediments could be 
attributed to the challenges in acquiring a continuous, datable record due to sediment scouring 
during a high magnitude flood event and high sedimentation rates respectively (Reavie and 
Edlund, 2010). However, studies have shown that oxbow lakes act as natural sediment traps and 
archive the distinct pulses of sediment, organic matter and allochthonous biota brought in and 
deposited during the floods (Gell et al., 2005). Sediments from oxbow lakes have been used to 
derive useful paleolimnological information such as records for changes in hydrological patterns 
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in the Glomma Catchment, southern Norway (Bøe et al., 2006), historical river contamination in 
the Danube River catchment (Bábek et al., 2008) and Horseshoe Lake in Illinois (Brugam et al., 
2003), historical sedimentation rates in a Mississippi River oxbow (Cooper and McHenry, 1989) 
etc. Oxbow lake sediments have also been used to reconstruct multi-century flood events in the 
Peace - Athabasca Delta, Canada (Wolfe et al., 2006). Wolfe & Smol (2005) and Anderson et al. 
(2006) emphasized that past flood history constructed from archives like lake sediments provide 
good records of the paleoenvironment. Hirschboeck (2003) stated that past flood records provide 
some of the only direct evidence of the occurrence of individual extreme flood events prior to the 
era of instrumental observation.  
Diatoms have been used extensively for paleolimnological studies as proxies for 
changing environmental conditions (Stoermer and Smol, 1999). Diatoms are single-celled algae 
with silica cell wall, the diatom shells can remain preserved in sediments for long intervals. They 
are cosmopolitan, ecologically diverse and taxonomically distinct (Dixit et al., 1992; Stoermer 
and Smol, 1999; Michelutti et al., 2003). Studies demonstrate that diatoms respond rapidly to 
variations in their environment and hence serve as effective proxies for changes in water level, 
sediment load and variations in climatic conditions etc. (Smol, 1988; Train and Cleide, 1997; 
Stoermer and Smol, 1999). 
Hay et al. (1997) and Michelutti et al. (2001) in their study from Mackenzie River, 
Canada reported that floodplain lake dynamics were governed by the degree of river influence. A 
significant difference in diatom assemblages was found in the lakes bearing seasonal contact 
with the river from those lakes with no or limited contact. Benthic and epiphytic fossil diatoms 
were more abundant in the lakes with minor river influence; whereas, planktonic diatoms were 
dominant in lakes with appreciable contacts with the river. Studies in the Amazon floodplain also 
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show how the flood events shape the limnology and ecology of the floodplain by creating a 
“reset” event. Hay et al. (1997) further stated that the river influence and primary productivity 
gradient accounted for the greatest amount of variation in the surface sediment gradient, and they 
were able to link these with past river discharge variability by constructing a diatom-based 
paleohydrology model. Therefore, every year due to the flooding, fresh sediment load is 
deposited in the oxbow lakes which alter their physical, chemical and biological aspects and lead 
to changes in the diatom assemblage in the lake sediment (Hay et al., 2000). Michelutti et al. 
(2001) developed inference models to explain the past environmental change based on fossil 
assemblages preserved in the sediments from oxbow lakes. This was the first attempt to construct 
the paleoflood history from Arctic lakes using diatoms.  
The efficiency of diatoms in distinguishing flood events was also shown by Hay et al. 
(1997) and Wolfe et al. (2006). Medioli and Brooks (2003) studied diatoms of the 1997 and 1999 
floods archived in the floodplain lake sediments and compared them with the riverine diatoms 
from the Red River in Manitoba, Canada. They observed higher percentages of riverine diatoms 
in comparison to lacustrine diatoms in the flood layers from the floodplain lake sediment.  Gaiser 
et al. (2004) established a 5500-year hydrological history from a coastal floodplain lake in South 
Carolina using a siliceous microfossil assemblage including diatoms. Prolonged flooding and 
deep water stages were indicated by increased abundance of planktonic diatoms.  
In addition to flooding, diatom assemblages have also been shown to respond to changes 
in land-use in the watershed. Studies by Edlund et al. (2009) in St. Croix River, MN show major 
shifts in diatom assemblages from dominantly benthic to planktonic in response to land clearance 
and agriculture. Engstrom et al. (2009) also show that the diatoms’ response to eutrophication 
induced by land-use changes implemented post-European settlement. The study by Fritz (1989) 
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also shows the close relation between diatom assemblages and land-use changes in Diss Mere 
Lake, Norfolk, UK. The results obtained by these researchers suggest that diatoms are effective 
proxies for reconstructing the past flood and land-use history.  
Paleolimnological histories have also been reconstructed using magnetic and 
geochemical data. The individual flood layers were identified based on organic matter, dry bulk 
density, grain size, and magnetic susceptibility from Lake Butjønna, southern Norway (Uvo, 
2003; Bøe et. al., 2006). The flood layers were associated with higher sedimentation rates, low 
organic content with fine grained silt and sand layers and high magnetic susceptibility. The non-
flood layers were associated with higher quantities of organic matter and low magnetic 
susceptibility (Wolfe et al., 2006; Bøe et al., 2006). Similar results were obtained by 
Thorndycraft et al. (1998) from Lac d’ Annecy, eastern France. High values of magnetic 
measurements were found to be related to allocthonous sediment input and a dip in CaCO3 
percentages during flooding events.  
The current project aims to understand the limnology of the LWRFP lakes and the factors 
that govern the water chemistry and the diatom assemblages of these lakes.  
In spring 2008, the White River experienced two major floods. Flood peaks as high as ~ 
12 m and flood durations of ~3-5 months were recorded by some of the gaging stations on the 
lower White River. Sediment and flood water from these floods was collected from thirty oxbow 
lakes in the LWRFP to document the signature of a large magnitude flood and used as an 
analogue for previous major flood events in the White River.  
The second chapter of this dissertation primarily focuses on the changes in water 
chemistry, oxygen isotopes in water and metals in the surface sediment from thirty oxbow lakes 
selected along a gradient of flooding. In the third chapter, a sill height - transfer function was 
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developed based on the diatom and environmental data analyzed from the surface sediment 
samples collected from these oxbow lakes. The transfer function was then applied to the fossil 
diatom assemblage from a 36 cm gravity core collected from Adams Bayou within the White 
River Wildlife Refuge, to infer the past flood events. In order to cross validate this developed 
model parameters were also compared with the available river gage data to. The model was also 
compared to falling ground water level data, as a proxy for increased land use changes in the 
area. The fourth chapter focuses on the ~ 4 m long sediment core from the Adams Bayou. This 
core preserved ~750 years of environmental record (based on an AMS 
14
C date near the bottom 
of the core). The history of flooding and land use is established from the sediment core using 
magnetic susceptibility, grain size, bulk density and organic matter content. Finally, the fifth 
chapter provides a brief conclusion for the thesis. All the water chemistry, geochemical, and 
other data are attached at the end of the dissertation.   
This research expands our understanding of the river floodplain ecosystems (RFE) in the 
lower Mississippi Valley and elucidates some controlling factors that influence the dynamics of 
the RFEs. The research also emphasizes the need to obtain baseline limnological information in 
order to refine management practices for the RFEs. Most importantly, it opens new chapter in the 
field of paleolimnology utilizing oxbow lake sediments. 
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Figure 1.1 A. Map of Arkansas with the encircled area showing location of the study area; B. 
The enlarged image of the study area; the star shows the location of Adams Bayou 
Lake where sediment core was extracted (Source: Google Map). 
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CHAPTER 2 
SIGNATURE OF 2008 SPRING FLOOD RECORDED IN THE OXBOW LAKES 
LOCATED WITHIN THE LOWER WHITE RIVER FLOODPLAIN, ARKANSAS  
 
ABSTRACT 
The lower White River within the Lower Mississippi Valley (LMV) in southeastern 
Arkansas is a major tributary to the Mississippi River that typically floods each spring. The 
upstream section of the lower White River floodplain has undergone major land-use change from 
hardwood bottom land forest to a predominantly crop agriculture. In contrast, the downstream 
section of the floodplain has experienced minimum disturbance because it is protected as the 
forested National Wildlife Refuge. The lower White River floodplain (LWRFP) has many 
oxbow lakes located within both the agricultural and the protected forest areas and all of these 
lakes receive an influx of river water and sediment during the major flood events. The flood 
signatures archived in these oxbow lakes can be used to identify historic trends in flooding 
caused by human and naturally induced changes. In the spring of 2008 the White River 
experienced widespread flooding. Gaging stations on the White River recorded floods of 50-100 
year recurrence intervals and a peak gage height of about 12 m above bankfull conditions at 
some places. In this study the water and sediment deposited by the 2008 flood in the LWRFP 
oxbow lakes were examined. A set of twelve oxbow lakes located within the Refuge and 
agricultural lakes were sampled once during the flood in March, 2008. Similarly, another set of 
eighteen lakes within the Refuge and agricultural lakes were sampled once after the flood in 
August, 2008. This study aims to test the hypothesis that the location of the oxbow lake within 
the agricultural or protected area of the floodplain would have a different flood signature.  
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All samples in the lake set obtained during the spring flood were very turbid, but not 
influenced by the distance of the lake from the river or associated duration of inundation. The 
lakes sampled in August, after the flood water had receded recorded higher alkalinity and 
conductivity values. Other measured limnological parameters, including nutrients and metals 
were statistically the same amongst all the oxbow lakes whether they were sampled during or 
after the flood or whether they were inside a refuge or surrounded by agricultural fields, except 
few outlier lakes. The turbidity and nutrient concentration in these outliers was affected more by 
the extent of the riparian zone around them. Overall, the absence of significant trends in the 
limnological parameters across the LWRFP points to the “homogenization” effect of flooding. 
Low heterogeneity in the oxbow lakes sampled after the flood indicates that the floodplain had 
certain levels of connectivity with the river as was also observed during field work. This study 
provides useful insight about the prevailing limnological conditions during a major flood event, 
this can serve as an analogue for identifying past flood events from sedimentary records in the 
study area. 
 
Keywords: Floodplain, oxbow lakes, lower White River, limnology, hydrological connectivity, 
floods.  
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INTRODUCTION 
The river and its floodplain form a close-linked system connected by the hydrological 
regime (Junk et al., 1989). The connection of a river channel to its floodplain during a flood 
event governs the water chemistry and productivity of the floodplain lakes by lateral transport of 
flood water, nutrients, suspended and dissolved materials, and biota (Junk et al., 1989; Engle and 
Melack, 1993; Camargo and Esteves, 1995, Brink et al., 1996, Wantzen et al., 2008). This makes 
the river-floodplain system highly sensitive to alterations in river hydrology. Major alterations in 
the patterns, magnitude and frequency of river flooding can adversely affect the floodplain 
ecosystem by decreasing groundwater recharge in riparian areas, changing geomorphologic 
processes like sediment cycling, and also affect the reproduction, growth and dispersal of 
ecological communities (Nilsson and Berggren, 2000). 
Because many of the rivers and streams around the globe have been modified by 
activities such as construction of dams and levees, there has been an increased need for 
development of effective restorative programs for floodplain ecosystems. This in turn requires 
detailed studies to understand the impact of hydrological modifications on floodplain dynamics. 
Few scientists have focused their attention towards floodplain oxbow lakes in temperate and 
tropical floodplain systems to study floodplain dynamics, due to their complex nutrient 
dynamics, hydrology and human interference. 
Typically floodplains of high-order meandering rivers have abundant oxbow lakes 
formed by cut-off of the meandering channels. Oxbow lakes receive riverine inputs during flood 
events which influences their ecology and water chemistry (Gell et al., 2005; Unrein, 2002). 
These oxbow lakes may act as sensitive monitors of natural and anthropogenic variations taking 
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place in the floodplain and provide excellent opportunity to study the effect of alteration in 
hydrological regimes on the floodplain (Bøe et al., 2005; Brugam et al., 2003; Wolfe and Smol, 
2005).  
This study focused on the lower White River in southeastern Arkansas which is an 8
th
 order 
meandering river and a tributary to the Mississippi River (Figure 2.1, 2.2). The lower White 
River floodplain (LWRFP) is part of the LMV and contains many oxbow lakes. The White River 
floodplain has been influenced by levee and dam construction.  Levee construction began in the 
early 20th Century after the creation of the Mississippi River Commission (Otto and Wakelyn, 
1989; The Encyclopedia of Arkansas History and Culture, 2010). Five mainstream dams, namely 
Taneycomo (MO, 1911), Powersite Dam (MO, 1913), Bull Shoals Dam (AR, 1947-1952), Table 
Rock Dam (MO, 1954-58) and the Beaver Dam (Northwest-AR, 1960) (Missouri Department of 
Conservation, 2010), have also been constructed along the upper White River. These dams and 
levees have modified the flooding characteristics of the White River (Bedinger, 1979; Anderson, 
2006).  
Studies in the Mississippi Alluvial Valley by Heitmeyer (2006) and Ervin et al. (2006), 
Clark-Kolaks (2009) in the lower White River floodplain have demonstrated the dependency of 
vegetation, wildlife and fishes on the hydroperiod (the duration of time for which an area is 
under water). In addition, studies in the White River National Wildlife Refuge by Fredrickson 
and Heitmeyer (1988) found that the vegetation is distributed along a continuum of decreasing 
flood tolerance from lowest to highest elevations above the river channel. King et al. (1998) 
report that a modification in the hydroperiod by prolonged regulated seasonal flooding caused 
shift in tree species composition in low-lying areas of Ouachita and Saline Rivers in southern 
Arkansas. It is likely that similar vegetation shifts have occurred in the White River. 
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Unfortunately no study has concentrated on the influence of floods on the limnology of the 
floodplain lakes in the White River drainage or other drainages in the LMV. Studies are required 
to understand the long term impact of river regulation activities on these unique lake ecosystems 
which are the only natural lakes in the state of Arkansas. To understand the limnology, it is 
essential to study the flood signature recorded in the oxbow lakes, and whether the flood 
signature differs based on its location inside a protected forest area (White River National 
Wildlife Refuge) or within the agriculturally dominated part of the floodplain (Figure 2.3).  
In spring of 2008, heavy precipitation fell in northern and western Arkansas (> 8 to 15 cm 
and > 15 to 23 cm) and resulted in extensive flooding in northern and eastern 
Arkansas,comparable to the December 1982 floods in the same areas of Arkansas(Funkhouser 
and Eng, 2009;Figure 2.4). On the lower White River the flood peak varied from ~10 m in 
Georgetown, AR to ~12m above flood stage in Augusta, AR; and most of the gages recorded 
floods of 25-50 year recurrence interval (Funkhouser and Eng, 2009). This flood resulted in the 
inundation of the entire lower White River floodplain (LWRFP) and the associated oxbow lakes. 
This study documents the limnological conditions in the LWRFP during this major flood event 
and seeks to understand if the recorded flood signature varies based on the location of the oxbow 
lake within the floodplain or within forested versus agricultural conditions. This study is also a 
part of a bigger paleolimnological project focused on reconstructing historic trends of flooding in 
the LWRFP and would provide baseline information to assess changes in the floodplain system 
over a period of time due to human modification or natural causes. There are plans for future 
flow diversion in the lower White River, mostly for irrigation purposes.  To avoid further impact 
on the floodplain and to develop management strategies for these diversions, it is important to 
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understand the interaction between the river and the floodplain ecology both in the modern and 
historic perspectives.  The current study is a step towards that goal.  
STUDY SITE 
The White River originates in the Boston Mountains of northwest Arkansas (Figure 2.1, 
2.2). The river flows north into southwest Missouri and re-enters Arkansas flowing southeast. 
This stretch constitutes the upper section of the White River. The White River turns south at 
Newport, AR and flows into the Mississippi River as an 8
th
 order stream in Desha County, AR 
(Missouri Department of Conservation, 2010). This project concentrates on the lower White 
River extending from Newport, Jackson County, AR (35°36’N, 091°15’W, elevation ~ 68 m 
a.m.s.l., ~255 river mile) to south of St. Charles, Arkansas County, AR (34°22’N, 91°8’W, 
elevation ~ 61 m a.m.s.l., ~ 57 river mile) (Figure 2.1). The lower White River flows in the 
Western Lowland Region of the Lower Mississippi Valley and constitutes meander belts that 
include point-bar deposits, oxbow lakes, natural and artificial levees and abandoned channels 
(Omernick and Griffith, 2008). Water covers about 3% of the area and vegetation, mostly 
deciduous forest, covers 23% of the land in the lower White River floodplain (Anderson, 2006; 
Scott et al., 1998). The wet and frequently flooded areas are abundant in Bald Cypress and Water 
Tupelo and the less frequently flooded areas sustain Overcup Oak, Nuttall Oak, Willow Oak, 
Water Hickory, Elm, Green Ash, and Sweetgum (Omernick and Griffith, 2008).Approximately 
68% of the floodplain is covered by agricultural crops (primarily soybean, rice, and cotton), and 
the remaining 6% consists of settled population centers (Anderson, 2006; Scott et al., 1998). 
Most of the crop land is concentrated in the northern portion of the lower White River floodplain 
(WRFP), and the southern portion of thefloodplain is largely a conservation area preserved as the 
White River National Wildlife Refuge (WRNWR). WRNWR constitutes one of the largest 
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remaining continuous stretches of bottomland hardwood forest in the LMV (U.S. Fish and 
Wildlife Services, 2010) and is recognized as a Wetland of International Importance (U.S. 
National Ramsar Committee, 2008). The lower WRFP is rich in aquatic and terrestrial diversity 
and has abundant floodplain lakes with more than three hundred lakes located in the WRNWR 
(http://www.fws.gov). The area is subjected to seasonal flooding and is considered sensitive to 
changes in flooding regimes (Hoffman & Kilambi, 1971; Clark-Kolaks et al., 2009). High 
abundance of oxbow lakes with varying degrees of river connectivity makes this study site 
suitable for this project.  
METHODS 
Lake selection  
Lakes were selected along a gradient of lake-sill height, estimated by using USGS digital 
elevation models (USGS DEM, 10 m resolution) for the study area. Geological investigation 
maps (Saucier, 1971) and historical maps of Western Lowland of the LMV in Arkansas (Dept. of 
the Interior, General Land Office, 1886 AD, U.S. Mississippi River Commission and U. S. army 
Corps. Of Engineers, 1946) also used to avoid the selection of recently cut-off oxbow lakes. The 
duration of lake inundation, accessibility of the lakes, and authorization to obtain samples from 
the lake also contributed in the lake selection process. The sill height and distance from the 
present channel were measured from the USGS DEM map.  
Surface connectivity estimation 
To calculate the duration of inundation of the oxbow lakes, the sill height above bankfull 
elevation of the White River was calculated for each lake. To estimate the elevation at bankfull 
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discharge, the bankfull elevations of the closest gaging stations upstream and downstream 
(Figure 2.2) to the oxbow lake were interpolated. The oxbow lake sill elevation defined as the 
elevation at which river water inundates the lakes (Marsh and Hay, 1989) and was estimated 
using DEM for the Lower White River. For this estimation, 0.5 meter elevation contours were 
created from the DEM to detect different inundation levels. The sill height above bankfull 
elevation was determined by subtracting the bank elevation at bankfull discharge from the sill 
elevation of the lake.  
The sill height above bankfull for each lake was then compared to the river gage data for 
the 2007-2008 flood years (Dec 2007 –  Aug 2008); and the number of days on which the river 
stage was higher than the lake sill height was the duration for which the lake received flood 
water influx. This was considered at-least the minimum number of days the lake was inundated, 
because the lake might stay inundated even during the receding phase of the flood. The DEM 
was also used to calculate the distance of lake sill from the river and the lake surface area. Some 
of the lakes were located next to the White River or were connected to the river via a batture 
channel. The distance of the lake sill from the river channel for these lakes was usually less than 
1 m. 
Water and surface sediment sampling 
To capture the flood deposits, water and surface sediment samples were collected once 
from a set of twelve lakes during the flood in March, 2008 (n = 12). Eight of the sampled lakes 
were located outside the White River National Wildlife Refuge surrounded by agricultural farms. 
Road closures inside the Wildlife Refuge during the 2008 flood limited our access, and allowed 
the sampling of only four lakes located within the refuge. Another set of different lakes were 
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sampled after the spring flood in August, 2008 (n = 18) (Figure 2.2, 2.4). Out of eighteen lakes, 
ten lakes were located in agricultural area and eight lakes were sampled from inside the refuge. 
The center of the lake is the zone of sediment accumulation and has least chance to be 
bioturbated (Cooper and McHenry, 1989). Therefore, all measurements and sampling were done 
from a boat and were taken as spot measurements from the deepest spot in center of the lake. A 
handheld Garmin Colorado® 400i GPS was used to find the center of each lake. The lake depth 
was measured by a handheld eco-sounder; depth measurements were made at approximately 
every 1-2 m distance in order to find the deepest part of the lake. Water samples were collected 
using a vertical point sampler from UWITEC
®
 from the center of each lake. Prior to sample 
collection the lake transparency was analyzed by means of a sechhi disk, the lake temperature 
profiles were measured.  Water samples were collected from each thermally stratified zone i.e. 
the epi-(top), meta- (middle) and hypo- (bottom) limnion in the lake. If the lake was unstratified, 
one water sample was collected at 1 m water depth. The water samples were collected in 1 L 
polypropylene bottles and analyzed on site for total dissolved solids, conductivity, and pH using 
a portable Jenco 3010K meter
®
. Upon returning from the field site, the samples were stored at a 
cool temperature before being transported to the lab. The samples were stored at 4°C overnight 
in the lab and sent to the University of Arkansas Water Chemistry laboratory for further water 
chemistry analysis (see below).     
The surface sediment samples were also collected from the center of each oxbow lake 
using a UWITEC gravity corer. The surface sediment core was extruded in the field and the top 
section was stored in small plastic Whirl-pak
® 
bag to be used for the analysis of grain size, 
metals and organic matter content.  
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Water and sediment analysis 
Upon returning from the field water samples were sent to the water chemistry laboratory 
at the University of Arkansas, Fayetteville for analyzing additional water chemistry parameters, 
including total solids (equipment used: Mettler Balance, method: EPA 160.3), turbidity 
(equipment: WTW Turbo 550, method: EPA 180.1), alkalinity (equipment: Corning 130, 
method: APHA 23208), total nitrogen (equipment: Skalar San Plus, method: APHA 4500-N B), 
and total phosphorus (equipment: Beckman Coulter Model DU 720, method: APHA 4500 PJ). 
The organic matter content from surface sediment samples was assessed by the loss on 
ignition method. Samples were dried at 105 ºC overnight and then ashed at 550ºC for 4 hours to 
determine post ignition weight loss that was expressed as percent of dry sediment weight (Heiri 
et al., 2001). Also, the particle size from the each surface sediment sample (top 1cm) was 
analyzed at the Limnological Research Center (LRC), University of Minnesota using laser 
diffraction methods. The biogenic silica and organic matter content was removed from the 
samples by digestion with nitric acid and sodium hydroxide prior to the laser analysis.  Surface 
sediment samples were prepared for metal analysis using EPA Method #3050b.  Metals (Cu, Cr, 
Pb, Mn, Ni, and Zn) were quantified using a Perkin Elmer AAnalyst 300 flame atomic 
absorbance spectrometer and concentrations were reported as parts per million based on wet 
weight of the sediment.  
STATISTICAL ANALYSIS 
T-test and Analysis of Similarity (ANOSIM)  
 
 
23 
 
To test for significant differences in limnology, the lakes were grouped by their location 
within the protected White River National Wildlife or within the agricultural area. The equality 
of variance between the lakes groups was tested with the F-test. A two sample t-test was 
conducted for variables with equal variance and Welch’s test (Welch, 1947) for unequal 
variance. The significance was tested using a two-tail test, defined by the correlation coefficient 
and degrees of freedom for each correlation (Fisher and Yates, 1974).   
Analysis of similarity (ANOSIM) was also conducted to test for spatial differences 
between the lakes located within the protected, forested area and the agricultural area separately 
for each the sampling season.    
Correlation 
Correlation analysis was used to explore the relation between all the measured physical 
and chemical parameters separately for each set of lakes. The statistical significance was 
calculated as a p-value based on two–tailed significance, defined by the correlation coefficient 
and degrees of freedom for each correlation (Fisher and Yates, 1974). 
Ordination 
Ordination is a statistical research tool used for interpretation of occurrence and 
distribution of species data and its relation to environmental conditions (ter Braak, 1994). 
Ordination can be divided into two groups- direct and indirect methods. The direct analysis 
methods use biological species and environmental data in a single, combined analysis and the 
indirect analysis explores species data in relation to environmental data (ter Braak, 1994). Both 
the methods are further divided into linear and unimodal response methods. 
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In this study the indirect ordination analyses were conducted to explore the variation in 
the physical-chemical variables among the study lakes. First, the detrended correspondence 
analysis (DCA; Hill and Gauch, 1980) was conducted to assess the length and direction of the 
environmental gradient and to decide whether unimodal or linear response methods were 
appropriate for this study (Birks, 1995). If the length of the environmental gradient is less than 
two standard deviations from the mean, the principle component analysis (PCA) - a linear 
response method of indirect gradient analysis was chosen (ter Braak, 1994). If the length of 
gradient is greater than two standard deviation units, a unimodal-response based method is 
appropriate (Birks, 1995).   
Usually environmental variables have shorter gradient lengths and therefore a PCA is 
used; the results of a PCA were interpreted using graphical methods as a PCA bi-plot (Gauch, 
1982). This could also be done by calculating the correlation coefficient between the 
environmental variables and the ordination axes (ter Braak and Prentice, 2004). The PCA axes 
are inferred as the variation among environmental variables (Gauch, 1982). The first axis on the 
PCA bi-plot explains the main direction of variation in the data; whereas second axis explains 
the variables which are completely uncorrelated to the first axis and orthogonal to it (ter Braak, 
1994). The vectors of environmental variables are represented as arrows on the PCA bi-plots. 
The vectors with longest arrows and smallest angles to the first or second axis are more strongly 
correlated to it and therefore have greater weight in determination of each axis (ter Braak, 1994; 
Lepš and Šmilauer, 2003). 
Because different environmental variables are measured in different units, the variables 
are first standardized to a mean 0 and variance 1 before the analysis, so that they could be 
compared. Further, during the PCA analysis the environmental data are centered, but not 
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standardized (ter Braak, 1994). The eigenvalue of the first PCA ordination axis is equal to the 
goodness-of-fit (total sum of squares) of the regressions of abundance on the few major axes of 
variation (ter Braak, 1994). All the ordinations were performed using the computer program 
CANOCO (version 4.5; ter Braak and Šmilauer, 2002).  
RESULTS 
The objective was to sample lakes with varying degrees of river connectivity; the thirty 
lakes selected for this study were located at a distance of 0 m to 5,767 m; the distance was 
measured from location of the lake sill to the river channel. So a distance of 0 m would mean that 
the lake is hydrologically connected via a batture channel to the main river channel. The lake 
area ranged from 26 m
2
 to 1261 m
2
 and the lake sill height above bankfull height ranged between 
0 m to 5.5 m (Table 2.1). The duration for which the lakes received river water (the minimum 
number of days the lakes were inundated) varied between 22 days to 272 days during the 2007-
2008 flood years, which shows some the lakes were still connected to the river even in August. 
All the selected lakes also had varying degrees of land-use around them (Figure 2.3). Most of the 
lakes located inside the refuge had extensive areas of hardwood bottom land forest; however, 
some the lakes located at the refuge boundaries also had some agricultural land along the 
margins. Even in the lakes located outside the refuge, the extent of the riparian zone around them 
varied greatly (Figure 2.3).  
Spring Lake Set: 
The spring sampled lakes had average conductivity, alkalinity, pH and turbidity values of 
180 µS/cm, 82 mg/L, 7, and 21 NTU-units respectively. The average total dissolved solids 
(TDS) and total solids (TS) values in spring were 123 mg/L and 145 mg/L (Table 2.1 A-B). The 
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total phosphorus (TP) and total nitrogen (TN) concentrations of all the spring sampled lakes 
ranged between 36-188 µg/L (mean: 82 µg/L, median: 78 µg/L) and 310-1160µg/L (mean: 630 
µg/L, median: 600 µg/L respectively). The mean and median values for the TN and TP of all the 
lakes showed that distribution was skewed due to significantly high TN values recorded by East 
Lake (1160 µg/L) and Seven Mile Lake (1050 µg/L). Significantly high value of TP was also 
observed in Seven Mile Lake (188 µg/L). The %LOI values in the lakes varied between 6-8; and 
the % clay and silt ranged from 22-49% and 51-73% respectively (Table 2.1 A-B). The lake sill 
heights varied between 0 and 3.1 m, also the duration for which the lakes were connected to the 
river prior to the time of sampling was variable. On an average the oxbow lakes were connected 
for 20-28 days at the time of sampling, however lakes such as the Horn Lake had only been 
flooded for 8 days at the time of sampling; which also had the highest sill height amongst all the 
lakes sampled in March. 
T-tests were conducted for the measured variables between the refuge and agricultural 
lakes which showed that no variable was significantly different between the two lake groups 
(Table 2.2 A). ANOSIM analyses also do not show significant differences between these two 
lake groups (r=0.11, p=0.29), thus showing the presence of homogenous conditions. 
The PCA was conducted for environmental variables from all the spring sampled lakes. 
The PCA bi-plot showed that the axis 1 and 2 explained 30% and 53% (cumulative) of the total 
variance, with eigenvalues of λ1 = 0.30 and λ2 = 0.23 (Figure 2.5 A) respectively. The vectors of 
sill height (SILLHT), turbidity (TURB), total nitrogen (TN) and phosphorus (TP) were closest 
and most strongly correlated to the first axis, represented the gradient of more to less connected 
lakes (Figure 2.5 A, Table 2.3 A). The metals- Cu and Ni were also significantly positively 
correlated to the first axis (Table 2.3 A). The vectors of alkalinity (ALK), total dissolved solids 
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(TDS) and conductivity (COND) were significantly negatively correlated with the first PCA axis 
(Table 2.3 A). Pb, Zn and Mn were the only physico-chemical variables which were significantly 
correlated with the second PCA axis, which explained the maximum variation in these variables 
in the data set. The sampled lakes also did not show a significant pattern of clustering based on 
their location within the refuge or within an agricultural area on the PCA bi-plot (Figure 2.5 A). 
The lakes were distributed all over the bi-plot; however the lakes with significantly higher values 
of physico-chemical variables were located closest to the vector of that specific variable. Cooks 
Lake had the highest concentration of metals amongst all the thirty sampled lakes and was 
located closest to the vectors of Pb and Mn on the PCA bi-plot. Seven Mile Lake was located 
farthest away from the White River channel, surrounded by agricultural farms and recorded the 
highest amount of total phosphorus and turbidity amongst all the lakes sampled in spring. 
SVNML was also located closest to the vectors of these variables on the PCA bi-plot. De Valls 
Bluff Lake was located closest to the river channel and was inundated for the longest duration; 
and was located closest to the vector of inundation.  
Further, the SILLHT and distance of the lake (DIST) from the river channel were positively 
correlated (r=0.58, p<0.05). Duration of lake inundation (INUN) was positively correlated with 
the SILLHT (r= -0.5, p<0.1) and negatively correlated with DIST (r= 0.52, p<0.1), however the 
relations were not highly significant. The lake depth was significantly correlated with lake area 
(LKAREA) (r=0.74, p<0.01). The depth of lake had no correlation with duration of inundation, 
as lake depth would likely depend on the age of the lake and its rate of infilling.   
Turbidity (TURB) values were not correlated with SILLHT, DIST and INUN (Figure 2.7) 
but had significant positive correlations with TP and TN (r= 0.7, p< 0.01; r= 0.6, p< 0.05). 
However, this correlation was driven by one lake, Seven Mile Lake, due to its significantly high 
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values of TURB and nutrients; the correlations were not significant upon the removal of Seven 
Mile Lake data. Similarly, the correlation between COND, ALK with TURB (r= -0.68, p <0.025; 
r= -0.58, p < 0.05) was also governed by Seven Mile Lake and no significant relations were 
observed if this lake was excluded from the data set. In the same way all the metals were 
significantly correlated with each other, however upon removal of Cooks Lake data, which had 
significantly higher concentration of metals amongst all the lakes, many of the correlations did 
not hold. Ni was the only metal to be significantly correlated to SILLHT (r= 0.62, p< 0.05). 
Also, the correlation between % LOI and TP was significant due the Seven Mile Lake data 
(r=0.58, p<0.05), but the correlation was not significant upon removal of the lake from the spring 
data set.  
Summer Lake Set:  
A set of eighteen different lakes were sampled once in August, after the 2008 flood water 
had largely subsided, however the lakes had varying degrees of connectivity with the river at the 
time of sampling (Figure 2.2; Table 2.1 A-B). The gaging stations next to the lower White River 
demonstrate flooding for 3-5 months (March-July 2008). Even though in August the river stage 
had dropped below the flood stage, parts of the floodplain and few lakes typically with lower sill 
were still inundated at the time of sampling (Table 2.1 A-B). The duration of disconnection of 
the oxbow lakes from the river ranged from ~2.8-3.9 months (Horseshoe, 33 and Lower 
Horseshoe Lake) to being connected at the time of sampling (Whirl Lake).  
 All the lakes had an average COND, ALK, pH and TURB values of 239 µS/cm, 119 mg/L, 
9, and 8 NTU-units; and the TDS and TS values were 149 mg/L and 165 mg/L (Table 2.1 A-B). 
The TP and TN concentration of all the summer sampled lakes was high, variable and the values 
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ranged between 50-226 µg/L (mean: 69 µg/L, median: 62 µg/L) and 410-800 µg/L (mean: 552 
µg/L, median: 525 µg/L). The distribution was skewed due to extremely high values of TP 
recorded by Goose Lake (226 µg/L); high values of TN was recorded by the Newport (800 µg/L) 
and Big Horseshoe Lake (740 µg/L). The % LOI in the lakes ranged from 5% - 20%; the % silt 
and clay ranged from 42-78% and 8-53% respectively. T-tests conducted between the physico-
chemical parameters from the lakes grouped by their location within the forested refuge or within 
the agricultural area showed no significant difference between the parameters except in lake area 
and pH (Table 2.2 B). The ANOSIM analyses (r = 0.024, p= 0.3) also showed no significant 
differences in the physico-chemical parameters between the agricultural and refuge lake groups. 
In the PCA bi-plot, axis 1 and 2 explained  23 % and 42 % (cumulative) of the total variance, 
with eigenvalue of λ1= 0.23 and λ2 = 0.18 (Figure 2.5 B) respectively. The vectors of distance, 
conductivity and total solids were significantly correlated to the PCA axis 1 (Figure 2.5 B, Table 
2.3 B). LOI and TP were positively significantly correlated to the PCA second axis; and the 
vectors of pH, Pb, Ni and Zn had significant negative correlations with the second axis (Figure 
2.5 B, Table 2.3 B).   
The sampled lakes were clustered based on location and most of the agricultural lakes were 
clustered in the center of the PCA bi-plot (Figure 2.5 B), closer to the vectors of TURB, INUN, 
lake area (LKAREA), metals and depth; except the Big Horseshoe Lake (BHSL) and Arm Lake 
(ARM). BHSL is located farthest away from the White River channel and is located closer to the 
vector of Distance on the bi-plot. Whereas ARM had relatively smaller lake surface area, was 
surrounded by agricultural area and had the highest values of ALK, COND and TS amongst all 
the thirty study lakes; and thus was positioned closer to the vectors of the above mentioned 
variables on the bi-plot. Similar to the agricultural lakes, the lakes located inside the refuge were 
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also clustered in the center of the PCA bi-plot except Goose Lake and Big Bell Lake. GS (Figure 
2.5 B) recorded the highest amount of % LOI and TP amongst all the study lakes and was 
located close to the vectors of LOI and TP. Big Bell Lake had relatively low turbidity, (secchi 
depth 2.3 m, lake depth 2.4 m), LOI (12 %) and the lowest INUN (22 days) in the entire set of 
thirty study lakes; this lake data was located closer to the vectors of secchi and % LOI.   
Correlations between physico-chemical parameters show that DIST was significantly 
negatively correlated with ALK (r= -0.5, p<0.05), COND (r= -0.62, p<0.01; Figure 2.7), TS (r= -
0.55, p<0.025), and TDS (r= -0.7, p<0.01). However these correlations were affected by BHSL 
none of these relations were significant upon removal of data from that lake (Figure 2.7). The 
grain particle size, % LOI and nutrients also did not show any trends along the flood gradient in 
the lakes sampled after the flood (Figure 2.7).  
DISCUSSION 
The annual changes in the hydrological regimes of rivers has been recognized as a major 
governing factor on the limnology of floodplain lakes in the neotropics and the upper Mississippi 
River by Junk et al. (1989), Mackenzie and Slave River deltas in Canada by Hay et al. (1997) 
and Sokal et al. (2008), and in the Sacramento River valley by Schemel et al. (2004). During the 
high water phase the inundated floodplain receives a flux of river water resulting in exchange of 
water, sediment, nutrients, and organisms (Neiff, 2001). The inundation of a floodplain is a very 
complex process because in addition to lateral river overflow, upland surface runoff, 
precipitation and groundwater inputs also contribute significantly to inundation and tend to 
establish biogeochemical cycles specific to the floodplain (Junk et al., 1989; Brink et al., 1992, 
Tockner et al, 2002).  
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The impact of a river flood on its floodplain also varies based on the magnitude and 
frequency of the flood, i.e., a high magnitude, low frequency flood event would differ from a low 
magnitude, high frequency flood which affects only parts of the floodplain (Brinson, 1990). 
Studies in both temperate and tropical river floodplains show that a major flood which connects 
the entire floodplain to the rivers reduces the floodplain spatial variability so that all the 
floodplain lakes are relatively homogeneous (Thomaz et al. 2007). In contrast, during low 
magnitude discharges when only parts of the floodplain are inundated the floodplain spatial 
heterogeneity is relatively high (Thomaz et al. 2007). 
Low variability in limnological characteristics across the floodplain during a high 
magnitude flood event were also observed in this study, as the physico-chemical characteristics 
did not vary greatly across the floodplain during the high magnitude flood (samples taken in 
March, two days prior to the highest flood level). With few exceptions, the location of the lakes 
within either forested or agricultural portions of the floodplain did not have any significant effect 
on the limnology of the sampled lakes. This was also shown by the t-tests, the ANOSIM 
analysis, and the PCA bi-plot where most of the lakes were clustered in the center of the bi-plot, 
indicating low heterogeneity amongst the lakes. All the lakes sampled during the flood recorded 
high values of turbidity probably due to the sediment brought in with the flood pulse, typical of 
many floodplain lakes such as on the Mackenzie River Delta Canada  (Squires et al. (2002) and 
Cassarate River in Switzerland (De Cesare et al. (2006). The turbidity levels in the lakes located 
at the outer edges of the forested floodplain (East Lake) and surrounded by agricultural fields 
(Seven Mile lake) were influenced more by runoff and recorded very high turbidity values. 
Although all the spring sampled lakes were eutrophic (TP > 35 µg/L; Wetzel, 1975), the Seven 
Mile and East Lakes were very rich in nutrients suggesting the role of agricultural inputs. Even 
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though the extent of riparian area was not part of this study, based on aerial maps (Google) the 
buffer zone seems to play an important role on the turbidity and nutrient content of the study 
lakes. The role of riparian areas/buffers in the nutrient dynamics, sediment trapping and water 
movement has been shown by several studies (Malanson 1993; Forman 1995; Naiman and 
Decamps, 1997). 
Because the primary sampling strategy for this study was to examine as many lakes as 
possible to develop a diatom training set for floodplain lakes of a medium-sized meandering 
river in a temperate climate, the lakes that were sampled during the flood (March) are not the 
same as those sampled after the floodwater largely subsided (August) so a direct time-series 
comparison cannot be made. Despite this sampling strategy, comparisons can be made between 
similar lakes in terms of their position on the floodplain (agricultural versus forested, width of 
buffer zone, sill height, distance from the river, size and depth of lake, etc.) during and after 
flooding. In particular sill height above the bankfull river level is considered to be one of the 
most important in determining the duration of inundation for each lake sampled during floods. 
The lakes at a lower lake sill height above flood stage connect first with the river during the 
floods and remain flooded for longer durations than lakes at higher sill heights above flood stage. 
In general these lakes that flood first and have a relatively long period of inundation are also 
closer to the river than those lakes that have a greater lag time between flooding and inundation 
(Naiman and Decamps, 1997; Hay et al. 1997).  
Just as the lakes sampled during the flood, the lakes sampled after the flood in August were 
also selected along a gradient of sill height. However, the lakes did not demonstrate many 
significant trends in the limnology along this gradient. This could be because contrary to 
expectation almost half of the lakes sampled after the flood still maintained connectivity with the 
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river, or had recently been disconnected. The lakes with longest duration of disconnection from 
the river (~80-110 days; 2.8-3.9 weeks) typically observed in lakes with higher sill also did not 
show significant differences in the water chemistry. This suggests that after the flood water had 
largely subsided there were still general homogenous conditions throughout the floodplain, 
similar to the homogenous conditions during the flood. In August there were few oxbow lakes, 
which were significantly different than the other lakes, so that homogeneity was not quite as 
pervasive as during maximum flooding. There does not seem to be any trend (agricultural versus 
forested, width of buffer zone, sill height, distance from the river, size and depth of lake, etc.) in 
the lakes that were significantly different than most of the lakes on the floodplain so these unique 
lakes were probably affected more by local land use in their immediate surroundings.  
Even though, all the August sampled lakes were eutrophic (TP > 50 µg/L, Wetzel, 1975) to 
hyper-eutrophic (TP > 100 µg/L, Wetzel, 1975), MBY, ARM and HS33 had high values of 
nutrients and turbidity and were affected by agricultural runoff due to the loss of most of the 
vegetation buffer around these lakes. High nutrient content was also recorded by GS Lake and 
Brushy Lake even though they were completely surrounded by extended forest cover which 
might have resulted in the high organic content in the lake. Several studies have reported the 
flood water to be a source of nutrients for the floodplain lakes (Van der Brink et al., 1993; Junk 
et al., 1989; Jensen and Andersen, 1992). No such relation was seen between the nutrients in the 
White River oxbows and the extent of river connectivity. This demonstrates the variability in 
nutrient sources and status in the floodplain lakes. It is also important to note that the nutrient 
dynamics in a floodplain are highly complex. The time series examined in this study only 
included two dates and should be extended in the future to include sampling though out the year 
and during years with different flood magnitudes to understand the process in detail.   
 
 
34 
 
Also, all lakes sampled after the flood that had lower depths, had higher alkalinity and 
conductivity values than deeper lakes also sampled in the summer. The exception to this trend 
was the relatively deep BHSL which had significantly lower alkalinity values compared to all the 
other lakes. BHSL is located farthest away from the river channel with a relatively large relief 
between the sill height and the flood stage of the river and thus was inundated for a relatively 
short time. Similar to most measured parameters, alkalinity and conductivity also did not show 
any significant relations with degree of river connectivity.   
The reduction in physico-chemical variability in the floodplain during the high water stages 
has been recorded in many RFEs around the world with various degrees of conservation 
(Tockner and Stanford, 2002). The increased connectivity with the river and the homogenization 
of the floodplain has also been shown to have significant influence on the distribution and 
assemblage of biological species by Thomaz et al. (2007), Hamilton and Lewis (1990) in 
Orinoco River floodplain, Venezuela; by Van Geest et al. (2003) in lower Rhine River, 
Netherland. In the south Pantanal floodplain de Oliveira and Calheiros, (2000) showed the 
influence of the flood pulse on water chemistry.   
CONCLUSION 
Objective of this chapter was to analyze the flood water and sediment deposited by the 
great spring floods of 2008 into the oxbow lakes in the Lower White River floodplain and to 
identify any spatial pattern apparent in the physico-chemical parameters of the flooded oxbow 
lakes, both during the flood (March) and after the flood water subsided (August). The results 
indicate that the flood signature recorded by the oxbow lakes was relatively homogenous; no 
statistically significant difference was seen in the overall limnological parameters of lakes based 
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on their location in the floodplain during and after the flood, with the exception of few lakes 
which were more affected by the local land use. The oxbow lakes varied in the duration of 
inundation as the flood water subsided and this depended on the lake sill height above bankfull 
discharge more than the distance of the lake from the river channel. The land use practices 
around the lakes were important, more specifically the extent of buffer zone as they seemed to 
impact the water chemistry in terms of nutrient enrichment and increased turbidity. More 
detailed analysis of the local driving forces in the floodplain would help in understanding the 
floodplain dynamics better. Because maximum heterogeneity is usually recorded in floodplains 
during low water/isolated phases; studies focusing on the temporal variability in the oxbow lakes 
would provide vital insights about the dynamic river-floodplain ecosystem. The current study 
presents useful information about the lower White River floodplain, which shows that the lakes 
had probably not reached maximum variability in limnological characteristics in ~3-5 months 
since connectivity of a lake with the river was severed. This will be helpful to understand its 
present day continually evolving ecology within food and non-flood cycles and would serve as 
an analogue for future studies that attempt to reconstruct past flood events and to interpret the 
long term impact of river regulation and land use changes on the floodplain ecosystem.  
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Table 2.1 A. Physical variables for thirty oxbow lakes at the Lower White River, AR. The 
abbreviations used for the lake names are provided under the column “Code”. The lake 
located within an agricultural area is labeled as “Agr”; lakes located within the 
protected, forested area are labeled as “Refuge”. The names of the lakes sampled in 
August have also been italicized.   
 
# L
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1 BELKNAPP 34°22’41.89”N 91°06’34.71”W Refuge March 
2 COOKS 34°30’41.05”N 91°16’33.16”W Refuge March 
3 DEVALLS BLUFF 34°47’13.48”N 91°27’15.09”W Agr March 
4 EAST 34°37’04.64”N 91°16’40.86”W Refuge March 
5 GREEN 34°34’29.89”N 91°15’34.50”W  Refuge March 
6 HORN 34°57”11.78”N 91°26’12.61”W Agr March 
7 MURPHY 35°19’24.94”N 91°27’30.65”W Agr March 
8 PEPPER 34°44’53.71”N 91°25’12.12”W Agr March 
9 SEVEN MILE 35°08’37.28”N 91°24’36.55”W Agr March 
10 SPRING 34°57’56.73”N 91°26’55.57”W Agr March 
11 UPSHAW 34°47’52.12”N 91°25’54.38”W Agr March 
12 WEBB 34°49’58.16”N 91°28’02.23”W Agr March 
13 ARM 35°24’24.50”N 91°23’38.55”W Agr August 
14 BIG BELL 35°13’46.10”N 91°25’56.91”W Refuge August 
15 BIG HORSESHOE 35°26’41.87”N 91°16’59.81”W Agr August 
16 BRUSHY 34°25’59.71”N 91°07’36.88”W Refuge August 
17 CLARENDON 34°40’40.18”N 91°19’44.43”W Agr August 
18 CLEAR 35°11’28.34”N 91°24’18.65”W Refuge August 
19 GOOSE 34°24’48.48”N 91°06’53.18”W Refuge August 
20 HICKS 35°01’22.47”N 91°28’47.13”W Agr August 
21 HONEY 35°11’44.42” N 91°26’25.89”W Refuge August 
22 HORSESHOE, 33 35°14’43.96”N 91°20’34.59”W Agr August 
23 HORSESHOE, RUSSEL 35°22’11.21”N 91°27’01.82”W Agr August 
24 LOWER HORSESHOE 34°55’19.14”N 91°26’36.64”W Agr August 
25 ADAMS BAYOU 34°30’09.55”N  91°13’26.25”W Refuge August 
26 MADDOX BAY 34°31’14.77”N 91°12’38.45”W Refuge August 
27 NEWPORT 35°38’28.32”N 91°17’44.43”W Agr August 
28 SLIPPERY 34°52’25.88”N 91°26’09.06”W Agr August 
29 UPPER HORSESHOE 35°01’10.14”N 91°29’30.75”W Agr August 
30 WHIRL 35°11’54.76”N 91°25’50.51”W Refuge August 
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Table 2.1 A. continued 
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1 BELKNAPP 1.1 3.3 888 164.0 59
*
 45.0 
2 COOKS 2.5 5.3 156 207.0 21
*
 459.0 
3 DEVALLS BLUFF 0.0 7.2 0 272.0 30
*
 276.0 
4 EAST 2.0 9.0 345 145.0 35
*
 1261.0 
5 GREEN 2.5 5.4 1781 73.0 21
*
 257.0 
6 HORN 3.1 4.7 1879 71.0 3
*
 469.0 
7 MURPHY 0.0 6.4 0 189.0 23
*
 306.0 
8 PEPPER 1.4 4.1 87 33.0 8
*
 226.0 
9 SEVEN MILE 1.4 4.7 1923 67.0 26
*
 328.0 
10 SPRING 0.6 5.5 0 165.0 32
*
 598.0 
11 UPSHAW 1.1 3.8 186 107.0 29
*
 208.0 
12 WEBB 1.4 5.3 0 102.0 30
*
 94.0 
13 ARM 2.3 1.8 891 193.0 79
**
 130.0 
14 BIG BELL 4.3 2.2 1947 22.0 80
**
 62.0 
15 BIG HORSESHOE 5.5 3.5 5767 46.0 76
**
 169.0 
16 BRUSHY 1.7 3.4 2832 133.0 conn 27.0 
17 CLARENDON 1.6 3.6 108 157.0 91
**
 369.0 
18 CLEAR 4.4 2.0 274 87.0 89
**
 156.0 
19 GOOSE 2.8 2.5 3874 88.0 1
**
 26.0 
20 HICKS 2.9 2.9 41 76.0 107
**
 75.0 
21 HONEY 3.6 3.1 518 48.0 80
**
 76.0 
22 HORSESHOE, 33 3.7 2.0 2122 80.0 80
**
 552.0 
23 HORSESHOE, RUSSEL 3.8 2.2 229 193.0 79
**
 283.0 
24 LOWER HORSESHOE 3.7 1.8 315 85.0 98
**
 362.0 
25 ADAMS BAYOU 2.1 6.2 2315 37.0 5
**
 276.0 
26 MADDOX BAY 1.8 4.0 4083 73.0 8
**
 276.0 
27 NEWPORT 0.3 2.5 0 121.0 conn 275.6 
28 SLIPPERY 2.3 3.3 0 80.0 4
**
 276.0 
29 UPPER HORSESHOE 2.0 3.4 217 117.0 110
**
 310.0 
30 WHIRL 1.0 4.1 0 111.0 conn 41.0 
*: Number of days for which the lakes were connected prior to their sampling in March. 
**: Number of days for which the lakes were disconnected prior to their sampling in August.  
Conn: means that the lake was still connected to the river when sampled in August. 
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Table 2.1 B. Chemical variables for thirty oxbow lakes at the Lower White River, AR.  
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/l
] 
T
o
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l 
S
o
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d
s 
[m
g
/l
] 
1 BELKNAPP 7.0 76.0 175.0 0.5 17.2 120.0 136.4 
2 COOKS 6.8 84.0 184.7 1.0 26.7 130.0 152.5 
3 DEVALLS BLUFF 7.4 92.0 203.3 0.5 9.9 120.0 146.2 
4 EAST 6.8 92.0 170.3 0.4 28.4 120.0 146.0 
5 GREEN 6.8 76.0 167.6 0.4 25.2 140.0 141.3 
6 HORN 7.0 92.0 201.8 0.1 18.3 120.0 151.8 
7 MURPHY 7.3 104.0 222.3 2.5 30.0 110.0 173.8 
8 PEPPER 7.2 80.0 180.9 0.8 9.6 140.0 138.0 
9 SEVEN MILE 6.4 40.0 97.0 0.2 52.4 130.0 134.7 
10 SPRING 6.3 94.0 203.5 0.8 9.4 140.0 144.0 
11 UPSHAW 7.3 88.0 190.5 0.6 8.7 60.0 133.1 
12 WEBB 7.0 68.0 158.5 0.4 18.1 150.0 138.7 
13 ARM 8.8 170.0 325.1 0.5 10.5 150.0 210.8 
14 BIG BELL 8.8 135.3 266.0 2.3 7.2 50.0 180.0 
15 BIG HORSESHOE 9.5 28.0 70.4 0.7 7.3 140.0 70.9 
16 BRUSHY 8.6 113.2 224.0 0.6 9.1 140.0 156.5 
17 CLARENDON 9.6 109.6 220.0 1.8 3.8 170.0 145.1 
18 CLEAR 8.7 144.0 281.0 1.0 7.2 160.0 188.0 
19 GOOSE 8.3 122.2 238.0 1.7 4.6 150.0 158.7 
20 HICKS 9.8 111.3 215.0 2.6 3.1 140.0 147.1 
21 HONEY 8.7 128.0 259.0 0.7 7.8 170.0 193.1 
22 HORSESHOE, 33 8.6 134.0 263.2 0.5 10.6 170.0 174.5 
23 HORSESHOE, RUSSEL 9.6 126.0 258.0 0.7 10.1 140.0 178.7 
24 LOWER HORSESHOE 8.9 104.0 231.0 0.8 5.9 180.0 179.6 
25 ADAMS BAYOU 8.8 113.4 226.0 1.0 7.5 180.0 156.2 
26 MADDOX BAY 8.6 104.0 220.0 0.6 18.6 170.0 168.7 
27 NEWPORT 8.5 126.0 255.0 1.5 6.3 220.0 169.3 
28 SLIPPERY 8.8 119.1 243.9 1.6 3.4 150.0 154.0 
29 UPPER HORSESHOE 9.2 125.2 244.0 1.2 3.1 50.0 156.2 
30 WHIRL 8.7 126.0 257.0 0.6 9.3 150.0 179.8 
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Table 2.1 B. continued 
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y
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%
] 
S
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[%
] 
1 BELKNAPP 610.0 100.0 25.0 18.1 28.0 71.0 
2 COOKS 660.0 96.0 25.0 13.7 31.0 69.0 
3 DEVALLS BLUFF 350.0 44.0 14.2 6.9 28.0 67.0 
4 EAST 1160.0 62.0 16.2 12.4 43.0 57.0 
5 GREEN 340.0 44.0 15.8 8.7 36.0 64.0 
6 HORN 590.0 82.0 15.6 6.7 27.0 73.0 
7 MURPHY 580.0 80.0 12.8 13.6 42.0 58.0 
8 PEPPER 930.0 96.0 18.2 8.9 25.0 73.0 
9 SEVEN MILE 1050.0 188.0 13.0 16.7 22.0 68.0 
10 SPRING 330.0 36.0 16.0 10.7 28.0 71.0 
11 UPSHAW 310.0 74.0 15.0 10.4 49.0 51.0 
12 WEBB 650.0 76.0 12.8 6.0 37.0 62.0 
13 ARM 1112.8 93.8 31.1 7.3 35.0 64.0 
14 BIG BELL 456.8 70.6 29.5 11.9 27.0 73.0 
15 BIG HORSESHOE 791.4 80.0 35.7 9.6 16.0 62.0 
16 BRUSHY 545.9 75.2 29.1 9.6 38.0 62.0 
17 CLARENDON 633.2 52.1 32.5 5.7 22.0 60.0 
18 CLEAR 570.0 68.0 31.7 13.8 8.0 42.0 
19 GOOSE 543.0 151.7 29.1 20.2 23.0 76.0 
20 HICKS 475.9 45.7 33.4 9.1 24.0 71.0 
21 HONEY 480.0 23.0 28.3 9.6 33.0 67.0 
22 HORSESHOE, 33 680.0 70.0 30.5 13.2 35.0 64.0 
23 HORSESHOE, RUSSEL 610.0 50.0 21.7 6.8 49.0 51.0 
24 LOWER HORSESHOE 456.4 79.4 29.9 14.6 34.0 66.0 
25 ADAMS BAYOU 579.8 212.3 31.1 5.2 43.0 57.0 
26 MADDOX BAY 610.0 98.0 27.8 6.9 45.0 55.0 
27 NEWPORT 800.0 60.0 31.0 10.7 17.0 77.0 
28 SLIPPERY 417.3 44.1 29.1 7.9 13.0 78.0 
29 UPPER HORSESHOE 636.9 101.3 33.6 13.3 53.0 47.0 
30 WHIRL 560.0 58.0 28.6 12.7 26.0 70.0 
 
 
 
40 
 
Table 2.1 B. continued 
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] 
BELKNAPP 0.5 5.7 84.8 5.6 4.8 13.0 
COOKS 12.5 47.4 2052.4 13.5 12.8 128.8 
DEVALLS BLUFF 6.6 15.5 360.8 1.3 6.7 57.5 
EAST 9.0 23.3 400.8 6.6 6.3 52.7 
GREEN 5.1 16.8 510.5 5.5 5.2 55.6 
HORN 1.1 29.1 262.9 5.6 4.8 48.8 
MURPHY 4.8 20.6 375.8 1.8 4.8 48.8 
PEPPER 5.4 11.6 160.0 5.6 4.8 17.3 
SEVEN MILE 8.6 22.2 416.9 6.3 6.0 70.4 
SPRING 0.5 10.5 145.3 5.6 4.8 21.0 
UPSHAW 6.7 17.5 753.5 5.0 4.7 59.2 
WEBB 6.5 16.9 901.4 8.7 4.6 51.9 
ARM 6.5 15.2 903.1 7.0 1.0 61.3 
BIG BELL 0.5 8.6 123.6 5.6 4.8 17.7 
BIG HORSESHOE 4.7 15.6 1161.2 5.1 4.8 48.6 
BRUSHY 5.9 22.4 306.9 6.4 6.1 58.2 
CLARENDON 5.7 16.7 951.8 7.7 4.0 48.1 
CLEAR 3.5 24.2 700.7 1.3 1.0 58.0 
GOOSE 4.7 11.0 699.8 0.9 0.7 39.4 
HICKS 5.6 21.1 1035.5 6.0 0.9 62.6 
HONEY 6.9 18.0 153.5 5.1 4.9 61.3 
HORSESHOE, 33 8.4 21.9 625.2 6.2 5.9 62.8 
HORSESHOE, RUSSEL 5.8 21.9 1842.4 6.2 5.9 68.2 
LOWER HORSESHOE 5.1 19.3 401.0 5.5 5.2 53.2 
ADAMA BAYOU 5.8 15.0 474.0 7.7 4.0 53.3 
MADDOX BAY 6.3 16.3 414.1 7.2 4.4 48.9 
NEWPORT 5.4 18.1 610.2 5.6 4.8 52.0 
SLIPPERY 2.0 8.6 149.4 1.8 3.7 29.3 
UPPER HORSESHOE 7.5 12.4 522.5 5.6 5.3 58.6 
WHIRL 5.0 18.8 805.6 5.3 5.1 54.5 
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Table 2.2 A.  Results of T-test performed for the measured limnological variables between the 
spring 2008 sampled lakes grouped by their location (Agricultural or Refuge) on 
the lower White River floodplain. The mean, variance and p-values for T-test 
(groups with equal variance) and Welch’s test (groups with unequal variance) are 
provided. The significant p values are reported in bold. Significance is based on 
two-tail test. In case the test was insignificant it was reported as NS (not-
significant).  
Parameters 
Mean Variance  T-test  Welch's 
test 
  
Agricultural  Refuge Agricultural  Refuge equal 
variance 
unequal 
variance 
          p values p values 
Distance [m]  792.5 509.4 530547.0 742147.4 NS 
 Depth [m] 5.8 5.2 5.6 1.3 NS 
 Inundation  [days] 147.3 125.8 3122.9 6128.2 NS 
 Lake Area 505.5 313.1 282251.7 24822.7 
 
NS 
Sill Height [m] 2.1 1.1 0.5 1.0 NS 
 Alkalinity [mg/L] 82.0 82.3 58.7 403.9 NS 
 Conductivity [µS/cm] 174.4 182.2 56.5 1540.3 
 
NS 
Loss on ignition [%] 13.2 10.0 15.1 13.8 NS 
 pH 6.9 7.0 0.0 0.2 
 
NS 
Secchi [m] 0.6 0.7 0.1 0.6 NS 
 Temperature [°C] 20.5 14.7 27.0 3.6 
 
NS 
Total Phosphorus [µg/l] 75.5 84.5 731.7 2149.4 NS 
 Total Nitrogen [µg/l] 692.5 598.8 116891.7 76269.6 NS 
 Total Solids [mg/l] 144.1 145.0 47.1 173.5 NS 
 Total Dissolved Solids [mg/l] 122.5 123.8 25.0 826.8 
 
NS 
Turbidity [NTU-units] 24.4 19.6 24.6 229.3 
 
NS 
Cu Conc [ug/g] 6.8 5.0 26.6 8.1 
 
NS 
Cr Conc [ug/g] 23.3 18.0 311.3 36.2 
 
NS 
Mn Conc [ug/g] 762.1 422.1 772474.4 73731.7 
 
NS 
Ni Conc [ug/g] 7.8 5.0 14.8 5.8 NS 
 Pb Conc [ug/g] 7.3 5.1 14.2 0.6 
 
NS 
Zn Conc [ug/g] 62.5 46.9 2330.8 342.4 
 
NS 
Clay [%] 34.5 32.3 43.0 88.5 NS 
 Silt [%] 65.3 65.4 38.9 61.4 NS   
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Table 2.2 B. Results of T-test performed for the measured limnological variables between the 
summer 2008 sampled lakes grouped by their location (Agricultural or Refuge) on 
the lower White River floodplain. The mean, variance and p-values for T-test 
(groups with equal variance) and Welch’s test (groups with unequal variance) are 
provided. The significant p values are reported in bold. Significance is based on 
two-tail test. In case the test was insignificant it was reported as NS (not-
significant).  
Parameters 
Mean Variance  T-test  Welch's 
test 
  
Agricultural  Refuge Agricultural  Refuge equal 
variance 
unequal 
variance 
          p values p values 
Distance [m]  1980.4 969.0 2545335 3264172 NS 
 Depth [m] 3.4 2.7 1.9 0.5 
 
NS 
Inundation  [days] 74.9 114.8 1422.7 2622.6 <0.1 
 Lake Area 117.5 280.2 11277.7 18491.1 <0.025 
 Sill Height [m] 2.7 2.8 1.6 2.1 NS 
 Alkalinity [mg/L] 125.3 120.5 155.9 1535.4 
 
NS 
Conductivity [µS/cm] 246.4 232.6 505.4 4186.3 
 
NS 
Loss on ignition [%] 11.2 9.8 21.7 9.3 NS 
 pH 8.6 9.1 0.0 0.2 
 
<0.1 
Secchi [m] 1.1 1.2 0.4 0.5 NS 
 Temperature [°C] 29.4 30.9 1.8 14.2 
 
NS 
Total Phosphorus [µg/l] 87.9 53.0 3677.8 338.0 
 
NS 
Total Nitrogen [µg/l] 516.3 580.0 3369.6 19177.8 
 
NS 
Total Solids [mg/l] 172.6 158.4 214.4 1331.7 
 
NS 
Total Dissolved Solids [mg/l] 143.8 153.0 1655.4 1867.8 NS 
 Turbidity [NTU-units] 8.9 6.4 17.4 9.4 NS 
 Cu Conc [ug/g] 4.8 5.7 4.1 2.9 NS 
 Cr Conc [ug/g] 16.8 17.1 28.0 18.7 NS 
 Mn Conc [ug/g] 459.8 820.2 66829 225352 NS 
 Ni Conc [ug/g] 4.9 5.7 6.4 2.4 NS 
 Pb Conc [ug/g] 3.9 4.1 3.8 3.4 NS 
 Zn Conc [ug/g] 48.9 54.5 205.6 123.1 NS 
 Clay [%] 30.4 29.8 146.3 190.0 NS 
 Silt [%] 62.8 64.0 125.1 99.6 NS   
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Table 2.3 A. Significant correlation coefficients between the environmental variables and the 
PCA axis 1 and 2 for the lake set sampled during spring 2008 flood.  
 
VARIABLES PCA AX1 P VALUE VARIABLES PCA AX2 P VALUE 
Total Phosphorus [µg/l] 0.71 <0.025 Mn Conc [ug/g] 0.75 <0.01 
Ni Conc [ug/g] 0.69 <0.025 Zn Conc [ug/g] 0.66 <0.025 
Cu Conc [ug/g] 0.68 <0.025 Pb Conc [ug/g] 0.66 <0.025 
Turbidity [NTU-units] 0.68 <0.025   
  Zn Conc [ug/g] 0.62 <0.05   
  Total Nitrogen [µg/l] 0.58 <0.05   
  Sill Height [m] 0.58 <0.05   
  Alkalinity [mg/L] -0.74 <0.05   
  Total Dissolved Solids [mg/l] -0.76 <0.01   
  Conductivity [µS/cm] -0.79 <0.0025       
 Table 2.3 B. Significant correlation coefficients between the environmental variables and the 
PCA axis 1 and 2 for the lake set sampled after spring 2008 flood. 
VARIABLES PCA AX1 P VALUE VARIABLES PCA AX2 P VALUE 
Distance [m]  0.81 <0.0001 Loss on ignition [%] 0.76 <0.001 
Inundation  [days] -0.44 <0.10 Total Phosphorus [µg/l] 0.74 <0.001 
Total Solids [mg/l] -0.88 <0.0001 Zn Conc [ug/g] -0.47 <0.05 
Total Dissolved Solids [mg/l] -0.91 <0.0001 pH -0.55 <0.025 
Conductivity [µS/cm] -0.91 <0.0001 Pb Conc [ug/g] -0.56 <0.025 
      Ni Conc [ug/g] -0.71 <0.001 
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Figure 2.1 Map of Arkansas showing the different eco-regions. The White 
River is outlined in Red color. The location of the western lowland 
Holocene meander belt is demarcated in purple color. This study 
encompasses the river and floodplain stretch from Newport, AR to 
south of St. Charles, AR.  (Woods et al., 2004). 
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Figure 2.2 Map of Lower White River, the dots represent the location of the study lakes. Dots 
were color coded based on their time of sampling. Black dots represent lakes sampled 
in March during the 2008 floods; red dots represent the lakes sampled in August after 
the flood water subsided. The black stars on the map mark the locations of USGS 
gaging stations along the Lower White River. 
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Figure 2.3 Aerial images of the oxbow lakes in the lower White River floodplain showing 
various degrees of land-use and buffer zone widths (Source: Google Maps). Images A 
(Seven Mile Lake), B (Big Horseshoe Lake), and C (Spring and Horn Lake) are lakes 
located in the predominantly agricultural section of the floodplain. Images D (East 
Lake), E (Goose Lake), and F (Cooks Lake) are located inside the White River 
National Wildlife Refuge. East and Cook Lakes are located towards the margins of 
the protected floodplain and are partially bordered by agricultural fields 
E 
F 
A D 
B 
C 
 
 
47 
 
 
 
 
White River at Clarendon, Arkansas, Monore County 
Longitude: -91.31528000 Latitude: 34.68556000 
River Mile: 99.1; Gage Zero: 139.91 Ft. NGVD29 
Flood Stage:26 Ft.;  Bankfull Stage: 23 Ft.; Record High Stage:43.3 Ft. on 04/23/1927 
Figure 2.4 White River stage data from the gaging station located in Clarendon, Monroe 
County, Arkansas. The gage data spans the 2008 calendar year. The black 
arrows denote the time of sampling of the oxbow lakes in the lower White 
River floodplain. Source: US Army Corps of Engineers.   
 
 
During the floods (n=12) 
After the floods (n=18) 
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Figure 2.5 A  Principal component analyses of the measured limnological parameters from 12 
oxbow lakes (sampled in spring) in the lower White River floodplain. Lakes located 
inside the White River Wildlife Refuge (n = 4) are represented by open circles; lakes 
located in agricultural areas (n = 8) are represented by open squares. Hulls are drawn 
around the two lake groups to show their clustering on the bi-plot.  
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Figure 2.5 B  Principal component analyses of the measured limnological parameters from 18 
oxbow lakes (sampled in summer) in the lower White River floodplain. Lakes 
located inside the White River Wildlife Refuge (n = 8) are represented by open 
circles; lakes located in agricultural areas (n = 10) are represented by open squares. 
Hulls are drawn around the two lake groups to show their clustering on the bi-plot.  
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Figure 2.6 Relation of duration of inundation of oxbow lakes to sill height (m) and distance of 
the lake from the river channel (m), in the lower White River floodplain. Note 12 
lakes were sampled during the flood in March 2008 (empty diamond, r values are 
indicated in italic) and 18 other lakes sampled after the flood receded in August 2008 
(filled square, r values are indicated in bold). The significance is based on two tailed 
tests. 
 
 
 
 
p< 0.1 p< 0.1 
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Figure 2.7 Relation between the explanatory (sill height, duration of flooding, lake depth and 
distance from the river) and environmental variables (conductivity, turbidity, pH, and 
total phosphorus) for thirty oxbow lakes in the lower White River floodplain in the 
lower Mississippi Valley. Note 12 lakes were sampled during the flood in March 
2008 (empty diamond, r values are indicated in italic) and 18 other lakes sampled 
after the flood receded in August 2008 (filled square, r values are indicated in bold). 
The significance is based on two tail test.  
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Figure 2.7 (Continued) Relation between the explanatory (sill height, duration of flooding, lake 
depth and distance from the river) and environmental variables (% silt, % LOI, Ni and 
Pb concentrations) for thirty oxbow lakes in the lower White River floodplain in the 
lower Mississippi Valley. Note 12 lakes were sampled during the flood in March 
2008 (empty diamond, r values are indicated in italic) and 18 other lakes sampled 
after the flood receded in August 2008 (filled square, r values are indicated in bold). 
The significance is based on two tail test.  
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 CHAPTER 3 
DEVELOPMENT OF DIATOM-BASED TRANSFER FUNCTION TO TEST THE 
EFFECTIVENESS OF OXBOW LAKE SEDIMENT AS ARCHIVES OF FLOODING 
EVENTS IN THE LOWER WHITE RIVER FLOODPLAIN, ARKANSAS 
ABSTRACT 
To test the potential of using oxbow lake sediment as archives for past flood events, a 
diatom based transfer function was developed from a training set including thirty oxbow lakes in 
the lower White River floodplain, southeast Arkansas. Water and surface sediment samples were 
collected once from the oxbow lakes during (n=12) and after (n=18) the big spring floods of 
2008 in the lower White River. Analysis of water chemistry parameters and diatoms from the 
lakes showed that the lake set sampled during the flood was turbid, with high standing water 
column and abundant in planktonic diatoms- Aulacoseira granulata, A. pusilla, and Cyclotella 
pseudostelligera. The lake set sampled after the flood had high abundance of benthic diatoms- 
Gomphonema parvulum and Navicula radiosa, however the abundance of planktonic diatoms 
was still very high and variable in this set. Canonical Correspondence Analysis (CCA) and step 
wise model selection showed that the variability in diatom assemblage was best explained by the 
lake sill height above bank-full elevation. The diatom-based transfer function was developed for 
sill height using weighted averaging-partial least squares calibration. A 36-cm long sediment 
core was extracted from the Adams Bayou Lake and scanned for magnetic susceptibility (MS) 
and analyzed for fossil diatoms. A parallel half meter long sediment core was extracted from the 
Adams Bayou to develop the chronology using 
137
Cs; a constant sedimentation rate of 0.81± 0.09 
cm y
-1 
was derived.  
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The fossil diatom assemblages changed from predominantly benthic diatoms prior to 9.5 
cm depth (est. 1996) to predominantly planktonic diatoms after that. The transfer function was 
applied to this fossil diatom assemblage; the inferred sill height was cross validated by 
comparing to the peak flood data from USGS gaging station at Clarendon and ground water 
elevation from USGS well used as a proxy for increased agricultural activities within the study 
site. The inferred sill height was not very successful in mirroring the flood events prior to 9.5 cm 
depth (estimated 1996) due to predominance of benthic diatoms and therefore a lack of a good 
analogue. Instead the inferred sill height corresponded more to increase in agricultural practices. 
Predominance of planktonic diatoms and the presence of indicators of eutrophic conditions- A. 
granulata, A. alpegena, Cyclotella meneghiniana, Cyclostephanos dubius after 9.5 cm depth 
represent a highly nutrient-rich system after 1996. This shift in assemblage coincided with the 
significant lowering of the groundwater table in the study area representing the increase of 
agricultural activities in the area. This shows that the oxbow lake might be affected by several 
driving forces in the floodplain. This study also emphasizes the usefulness and limitations of 
oxbow lakes sediments as archives of past flood events and anthropogenic disturbances and 
suggests the need for a more detailed investigation of the local driving forces in the floodplain. 
 
Key words: Diatoms, Transfer function, Training set, Floods, River Management, Oxbow Lakes, 
Lower White River, Lower Mississippi Valley, Arkansas. 
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INTRODUCTION 
A river and its floodplain consist of lentic and lotic habitats and are considered as one 
unit by hydrologists because they are linked by the water, sediment and organic budget (Junk et 
al., 1989). The lentic systems receive riverine inputs in the form of distinct pulses during floods 
which strongly regulate the physico-chemical characteristics and the biotic communities in the 
floodplain (Junk et al., 1989; Bayley, 1995). The riverine or surface water is also hydraulically 
connected to groundwater, which in turn plays a very important part in regulating the hydro-
period, water-chemistry and associated biota of the floodplain lake systems (Czarnecki et al., 
2002). So any alteration in the pattern, magnitude or frequency of flooding by human activity 
and environmental variability can greatly affect the ecological balance of a floodplain system 
(Sparks, 1995; Lesack et al., 1998; and Sokal et al, 2008). 
Human activities such as river modification by construction of dams and levees can alter 
the pattern of river flooding and hydroperiod. Also, the excessive extraction of groundwater for 
agricultural requirements can influence the hydroperiod and negatively impact the ecology of the 
floodplain (Baxter, 1977; Bernáldez, 1992; Sokal et al., 2010). Therefore it becomes important to 
protect and properly manage the floodplain systems which require us to understand the full 
impact of anthropogenic activities over time (Miettinen, 2003). The study of high resolution 
stratigraphic records from oxbow lakes can help to document the history of flooding and 
modifications in the watershed caused by complex processes such as changes in hydrology and 
land use (Moreno et al., 2008; Nesje et al., 2001; Thorndycraft et al., 1998).  
Even though many studies document information about past hydrological conditions 
stored in sediments from closed-basin lakes (inflow from rivers but no outflow), relatively few 
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studies exist using sediments from open basin oxbow lakes to understand and reconstruct 
paleoecological histories (Hay et al., 1997; Wolfe et al., 2006; Anderson et al., 2006). The 
limited use of oxbow lake sediments can be attributed to the challenges in acquiring continuous, 
datable records due to sediment scouring during high magnitude flood events or due to high 
sedimentation rates diluting 
210
Pb signals (Reavie and Edlund, 2010). Oxbow lakes are natural 
basins located proximal to rivers and are archives for allochthonous biota and sediment delivered 
during floods (Gell et al., 2005; Hay et al., 1997). Archived biological proxies, such as diatoms, 
from oxbow lake sediments are useful for exploring long-term changes in hydrology and river 
discharge (Moser et al., 2000). The ecological diversity, narrow tolerance for many 
environmental conditions and rapid growth rates allow the diatoms to quickly respond to the 
changing environments and act as important indicators (Dixit et al., 1992). The effectiveness of 
studying diatoms from oxbow lakes was also supported by Train and Cleide (1998). 
This chapter tests the effectiveness of oxbow lakes as archives of past flood events in the 
lower White River, lower Mississippi Valley, Arkansas. It also documents the distribution and 
abundance of diatom communities along a gradient of flooding for this river. Multivariate 
statistical methods were used to describe fossil diatom assemblages observed in oxbow lake 
sediment cores, which helped interpret changes of biological species to the environmental 
gradients and reconstruct past environmental conditions. A diatom-based calibration set from 
thirty oxbow lakes was developed and applied to a 36 cm long single sediment core from Adams 
Bayou (AB). Finally, the efficiency of inferred model was tested by comparing with instrumental 
records such as flood peak data from USGS gaging station at Clarendon, AR (Figure 3.2). Also, 
to see if the AB was impacted by increased agricultural practices and whether the fossil diatom 
assemblage respond to such a change, the inferred model was compared to the ground water 
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level data (USGS well #2, Monroe County, Arkansas, Hydrologic Unit 08020304) used as a 
proxy for changing land-use in the area (Figure 3.3). The USGS well and AB lake are not 
hydraulically connected. 
STUDY SITE 
The lower White River floodplain (LWRFP) is located in the Western Lowlands of the 
Lower Mississippi Valley, southeastern Arkansas (Saucier, 1971). The White River originates in 
the Boston Mountains, in northwest Arkansas. It flows north into southwest Missouri and re-
enters Arkansas flowing southeast. This stretch constitutes the upper section of the White River 
where it incised into Paleozoic bedrock. The White River flows south at Newport, AR and flows 
into the Mississippi Alluvial Valley as an 8
th
 order stream in Desha County, AR (Missouri 
Department of Conservation, 2010; Figure 3.1). This project concentrates on the Lower White 
River within the Mississippi Alluvial Valley extending from Newport, Jackson County, AR 
(35°36’N, 91°15’W, elevation ~68 m a.s.l.) to Weber, Desha County, AR (34o10’N, 91o07’W, 
elevation ~44 m  a.s.l) near the mouth of the river (Figure 3.1-3.2).  
In the lower White River floodplain, 23% of the land is covered by forests, 3% by water, 
68% has a crop cover and remaining 6% is small rural population centers (Anderson, 2006). 
Most of the crop land is concentrated in the northern portion of the Lower White River 
floodplain. In contrast, downstream portion of the floodplain is preserved as the White River 
National Wildlife Refuge (WRNWR). WRNWR constitutes one of the largest remaining 
continuous stretches of bottomland hardwood forests in the Mississippi Valley and has 
undergone minimal direct human impact. In A.D. 1989 this area was recognized by the Ramsar 
Convention on the Conservation of Wetlands, as a Wetland of International Importance (U.S. 
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National Ramsar Committee, 2008). The LWRFP has abundant oxbow lakes with more than 400 
lakes located within the WRNWR (U.S. Fish and Wildlife Service, 2010). The area is rich in 
aquatic and terrestrial diversity and is governed by seasonal flooding events in the months of 
March-April (mean precipitation 127 mm - 148 mm) and November-December (mean 
precipitation: 118 mm - 141 mm; Climatological Data Annual Summary Arkansas, 2007).  
The White River was regulated by levee construction beginning in the early 1900s 
following creation of the Mississippi River Commission (Otto and Wakelyn, 1989; The 
Encyclopedia of Arkansas History and Culture). The upper White River also has five mainstream 
dams namely Powersite Dam (MO, 1913), Bull shoals Dam (AR, 1947-1952), Table Rock Dam 
(MO, 1954-58) and the Beaver Dam (NW-AR, 1960, Missouri Department of Conservation, 
2010).  
The lower White River floodplain has also undergone shifts in land-use practices with 
increasing amount of land being used for agricultural practices and fish farming. This has 
resulted in the depletion of ground water resources from the Mississippi alluvial aquifer in the 
LWRFP (Czarnecki et al., 2002). Czarnecki et al., 2002 also state that over the years the 
abstraction of groundwater has exceeded the recharge in certain areas within the lower 
Mississippi Valley. In fact in A.D. 1996 the Arkansas Soil & Water Conservation Commission 
(ASWCC) designated Arkansas, White and Prairie counties, adjacent to the study site as critical 
groundwater areas. This shows that the LWRFP is potentially impacted by several human 
activities and more studies are required in the area to understand the complex processes 
governing the floodplain dynamics.   
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METHODS 
Lake selection  
Lakes were selected along a gradient of lake-sill height, estimated by using USGS digital 
elevation models (DEM, 10 m resolution; Geostor 5.0) for the study area. Geological 
investigation maps (Saucier, 1971) and historical maps of western lowland of the Lower 
Mississippi Valley, AR (dating back to 1861 AD, Historic Archives Mullins Library) were also 
used to avoid the selection of recently cut-off oxbow lakes.   
The duration of lake inundation, accessibility of the lakes and authorization to obtain 
samples from the lake also contributed in the lake selection process. Adams Bayou was chosen 
for coring because it connects with the White river channel each time the river floods (based on 
the number of days the river stage, from the nearest gaging station was higher than the lake sill 
height for the past 50 years). The AB Lake was located within the WRWLR and experienced 
relatively low agricultural impacts. The lake has a sill height of 2 m and is at a distance of 2,300 
m from the White River. The sill height and distance were measured from the USGS GIS map.  
Surface connectivity estimation 
To calculate the duration of inundation of the oxbow lakes, the sill height (ΔH) above 
bank-full elevation of the White River was calculated for each lake. To do so, first the river sill 
elevation at bank-full discharge was obtained for the gaging station (Figure 3.2) closest to the 
oxbow lake. Further, the oxbow lake sill elevation defined as the elevation at which river water 
inundates the lakes (Marsh and Hay, 1989) was estimated using DEMs for the Lower White 
River. Half meter elevation contours were created from the DEM to detect different inundation 
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levels, and was used to estimate the lake sill elevation. The sill height (ΔH) above bank-full 
elevation was determined by subtracting the river sill elevation at bank-full discharge from the 
sill elevation of the lake.  
The sill height (ΔH) above bank-full for each lake was then compared to the river gage 
data for the 2007-2008 flood years; and the number of days on which the river stage was higher 
than the lake sill height (ΔH) was the duration for which the lake received flood water influx. 
This was considered at-least the minimum number of days the lake was inundated, since the lake 
might stay inundated even during the receding phase of the flood. The DEM was also used to 
calculate the distance of lake-sill from the river and the lake surface area.   
Water sampling 
For developing the diatom-based training set, water and surface sediment samples were 
collected from the selected oxbow lakes (Figure 3.2). Samples were collected once from a set of 
lakes during the floods in March, 2008 (n = 12) and from a set of different lakes after the floods 
in August, 2008 (n = 18). The center of the lake is the zone of sediment accumulation and has 
least chances to be bioturbated (Cooper and McHenry, 1989). Therefore, all the measurement 
and sampling were done from a boat and were taken as spot measurements from the center of the 
lake. A handheld Garmin Colorado® 400i GPS was used to find the center of each lake. The lake 
depth was measured by a handheld eco-sounder; depth measurements were made at 
approximately every 1-2 m distance in order to find the deepest part of the lake. Water samples 
were collected using a vertical point sampler from UWITEC from the center of each lake. Prior 
to sample collection the lake transparency was analyzed by means of a sechhi disk. Further, the 
lake temperature profiles were measured and water samples were collected from each thermally 
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stratified zones i.e. the epi-(top), meta- (middle) and hypo- (bottom) limnion in the lake. In case 
the lakes were unstratified one water sample was collected from 1 m water depth. The water 
samples were collected in 1 L polypropylene bottles and analyzed on site for total dissolved 
solid, conductivity and pH using the portable Jenco 3010K meter. Upon returning from the field 
site the samples were stored under cool temperature before being transported to the lab. The 
samples were stored at 4°C overnight in the lab and sent to the University of Arkansas Water 
Chemistry laboratory for further water chemistry analysis.     
Water chemistry   
Upon returning from the field water samples were sent to the water chemistry laboratory 
at the University of Arkansas, Fayetteville for analyzing the additional water chemistry 
parameters- total solids (equipment used: Mettler Balance, method: EPA 160.3), turbidity 
(equipment: WTW Turbo 550, method: EPA 180.1), alkalinity (equipment: Corning 130, 
method: APHA 23208), total nitrogen (equipment: Skalar San Plus, method: APHA 4500-N B), 
and total phosphorus (equipment: Beckman Coulter Model DU 720, method: APHA 4500 PJ). 
Lake coring and sediment analysis 
Surface sediment samples were collected from each lake keeping the water and sediment 
interface intact. Samples were collected by a gravity corer with hydraulic core catcher from 
UWITEC. The top 1-cm of the sediment core was extruded in the field and stored in a Whirl-
pak
® 
bag. The surface sediment samples were used for diatom analyses.  
A 36-cm long gravity core was extracted from Adams Bayou in July, 2008 along with a 
parallel 50-cm long core using an Uwitec gravity corer. The 36-cm core was extruded in 1cm 
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intervals in the field and stored in Whirl-pak
® 
under cool temperatures till returning from the 
field. Upon arrival in the lab the samples were stored at 4
o
C. The moisture content and % loss on 
ignition (LOI) was calculated from each sediment sample by weight loss on heating them at 
105
o
C overnight and at 550
o
C for 4 hours respectively (Heiri et al., 2001). Also, the particle size 
from each lake was analyzed at the Limnological Research Center (LRC), University of 
Minnesota using laser diffraction methods. The organic matter and biogenic silica content was 
removed from the samples by digestion with nitric acid-hydrogen peroxide and sodium 
hydroxide-hydrochloric acid respectively prior to the laser analysis.   
Sediment chronology 
Dried sediment samples from Maddox Bay Slough core were analyzed for 
210
Pb, 
226
Ra, 
and 
137
Cs by direct gamma assay in the Liverpool University Environmental Radioactivity 
Laboratory using Ortec HPGe GWL series well-type coaxial low background intrinsic 
germanium detectors (Appleby et al., 1986). Sedimentation rates and core dates were calculated 
following a constant rate of supply model (Appleby and Oldfield, 1978).  
Diatom analysis 
The diatom frustules from 1 cc sample of the surface sediment samples from all the lakes 
and AB core sediment were cleaned by boiling the bulk sediment samples with 30% hydrogen 
peroxide to remove organic matter. After cooling, 10% hydrochloric acid solution was added to 
the sample for the removal of carbonate minerals. Afterwards, de-ionized water was added and 
the samples were stored in a refrigerator and allowed to settle for at least 24 hours followed by 
the removal of supernatant. This procedure was repeated three times or until the acid was washed 
out.   
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Aliquots of diatom-microsphere suspension were transferred on ethanol cleaned cover 
glasses and allowed to dry at room temperature then permanently mounted using Naphrax
®
 
mounting medium on microscope slides. About three hundred diatom frustules were counted per 
slide. Diatoms were analyzed at a magnification of 1000x using a differential interference 
contrast (DIC) Leica D2500 microscope. Diatom taxonomy followed Krammer and Lange-
Bertalot (1986-1991), Patrick and Reimer (1966, 1975) and Hustedt (1930, 1977).  
DATA ANALYSIS 
Calibration data- training set and fossil diatom data  
The calibration data consists of two parts (Birks, 1995; Ter Braak, 1995) – the training 
set consisting of modern diatom data and associated environmental variables; and the fossil 
diatom data (Birks, 1998). The training set should potentially cover the maximum range of 
modern environmental variables as possible for the study site; also the fossil set should have as 
many common taxa possible with the training set for the calibration data to work (Birks, 1998).  
The environmental variables often show linear relationships, high inter correlations 
(multicollinearity) and much redundancy (Birks, 1998). Whereas, the diatom data set are also 
usually noisy with many absences and outliers and are expressed as percentages of the total 
diatom abundance (Birks, 1998). In contrast to the environmental variables, the diatom data 
usually have a non-linear or unimodal response (represented as the gaussian curve) to the 
environmental variables and have longer gradients of biological variations i.e. greater than 2 
standard deviations (S.D.) (Hill and Gauch, 1980; Birks 1995). The range of an environmental 
variable along which the species can exist is called the tolerance of the species and is calculated 
by the standard deviation of the unimodal curve (Smol, 2008). Another important parameter is 
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the optima, which is the point/value of environmental variable where a species is most adapted 
and abundant (Smol, 2008). Different species will have different optima and tolerance for an 
environmental variable (Smol, 2008). Good environmental indicator species will have a well-
defined optima and a narrow tolerance, because with a broad tolerance the species will not be 
affected by the changes in environmental variables (Racca et al., 2001).  The relation between 
the diatom species and the environmental variables are tested using ordination methods stated 
below, prior to development of the transfer function.  
Ordination 
Ordination is a research tool used for interpretation of occurrence and distribution of 
species data and its relation to the environmental conditions (Ter Braak, 1994). Ordination can 
be divided into two groups- direct and indirect methods. The direct analysis method uses species 
and environmental data in a single, combined analysis and the indirect analysis uses only species 
variables (Ter Braak, 1994). Both the methods are further divided into linear and unimodal 
response models.  
In this study the direct ordination analyses were conducted to explore the relation 
between the diatom species and the physico-chemical variables among the study lakes.  First, the 
detrended correspondence analysis (DCA; Hill and Gauch, 1980) is used to assess the length and 
direction of biological variation gradients in the diatom assemblages. If the length of gradient is 
greater than 2 standard deviation units, the species optima will be located within the gradient and 
unimodal-response based regression and calibration are appropriate (Birks, 1995).   
 Canonical correspondence analysis (CCA) (Ter Braak, 1986) is a multivariate direct 
gradient analysis, used to explore the relationship between the physico-chemical variables and 
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diatom assemblages.  The CCA ordination diagram (CCA biplot) displays the sites, species and 
environmental variables used for the analysis. The environmental variables are represented as 
arrows pointing towards the direction of its maximum change; also the length of the arrow 
indicates the level of correlation with the ordination axis (Ter Braak, 1987). The species points 
represent the weighted averaged ranks of the species with respect to the environmental variables 
(Ter Braak, 1987). This procedure helps to find the major axes of variation with a good fit to the 
species data (Ter Braak and Prentice, 1988).   
Model development- weighted averaging regression and calibration 
The environmental variables with significant impact on the diatom assemblages are 
selected by partial CCAs. Since some of the environmental variables might be correlated, the 
variables are tested for multicollinearity on the CCA by looking at the variance inflation factor 
for each variable. The redundancy is removed by means of step wise elimination of variables to 
attain a minimal adequate model. Constrained CCAs are then conducted for this reduced set of 
variables with 999 Monte-Carlo permutations to test the significance of each variable. A set of 
significant variables (p-values < 0.05) are selected. The environmental variable that explains the 
most variance individually is used for the development of a diatom based – transfer function. 
Different types of unimodal-based models are used for transfer function generation; the best 
adequate model is selected by testing its performance and later used for environmental 
reconstruction.  
In this study the following models were used for generating the transfer function- 
Weighted averaging (WA) regression and calibration- It is a tool for reconstructing 
environmental variables from species assemblages (Ter Braak and Juggins, 1993). It based on 
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the concept of niche space partitioning and ecological optima of species and works well for noisy 
species data with long ecological gradients (Hill and Gauch, 1980; Ter Braak and Prentice, 
1988).  
Weighted averaging (WA) inverse and classical deshrinking- This method uses unimodal 
based weighted averaging and calibration for environmental reconstruction. This method results 
in “edge effect” by compression of site scores at the end of the gradient relative to the one in the 
middle (Gauch, 1982). Weighted inverse (using inverse regression) and classical (using linear 
regression) deshrinking (Birks et al., 1990; Birks, 1995) is used to reduce the edge effect by 
pulling the predicted values towards the mean calibration sets. This method might result in over-
estimation of low values and some under-estimation of high values and incorporate bias (Ter 
Braak and Juggins, 1993, Lotter et al., 1997).  
Weighted averaging-partial least squares (WA-PLS) - Is an improvement on WA 
methods for estimation of environmental variables using biological species (Ter Braak et al., 
1993). The WA-PLS works better for data with many absences and unimodal responses of 
species to environmental variables; also the model performances are not impacted by the 
gradient length of the data (Ter Braak et al., 1993). WA-PLS with one component follows 
univariate regression, and the WA-PLS with two or more components follows multivariate 
regression where the additional components use the residual structure in species data for better 
estimation (Ter Braak & Juggins, 1993).  
 Model testing 
The strength of the transfer function is assessed on the basis of root mean square error of 
prediction (RMSEP) and squared correlation (R
2
) between the observed and inferred envirvalues. 
 
 
72 
 
Since there is no other independent test data set available to evaluate the model performance; 
usually the training set data is used to validate the model and might lead to apparent model 
dependent bias (Ter Braak, 1995). So, the Root Mean Square of Errors (RMSE) of the training 
set will underestimate the RMSEP, which is based on the likely error when the transfer function 
is applied to a new model.  
Therefore, leave-one-out cross validation procedure (Jack-knife) is used to validate the 
error predictions (Ter Braak & Juggins, 1993; Birks, 1995). Jack-knifing involves the 
development of a new training set, as a subset of the original training set minus one sample 
(Smol, 2008). This one sample forms an independent test sample and run independently. Later 
this sample is returned to the original training set and a new test sample is selected and inference 
model is run again; this step is repeated until all the samples have been used as test sample 
(Smol, 2008). The resulting coefficient of determination is called the R
2
jack (Jack-knife squared 
correlation) (Smol, 2008). The model with the lowest RMSEP and highest R
2
jack is chosen, when 
a 5% decrease in the value was observed with the addition of another component (Birks et al., 
1998). These statistics show how well the environmental variable can be inferred using the 
diatom assemblage (Smol, 2008).  
Environmental Reconstruction  
The developed transfer function is applied to the fossil diatom stratigraphical data to infer 
past environmental variables (Smol, 2008). The success of a robust reconstruction depends on 
the similarity in the diatom assemblage between the training set and fossil diatoms. Low 
similarity in the fossil and modern diatom assemblage would be possible if the past 
environmental conditions were different or if the gradients were not captured in the modern 
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training set assemblage. Such a situation is known as a poor or no- analogue condition (Smol, 
2008). The inferred (reconstructed) environmental variable is then compared with known 
historical data or instrumental records for at least the recent past in order to validate the 
reconstruction (Birks, 1998). For this study the WA and WA-PLS calibrations and 
reconstructions were performed using the program C2 version 1.5 (Juggins, 2007). Ordinations 
and inference models were developed by using R statistical programming language.  
Further, for better comparison and to summarize the stratigraphical data the fossil diatom 
assemblage was partitioned into statistically significant zones. The partitioning was done by 
constrained incremental sum-of squares-clustering (Grimm, 1987). The program ZONE and the 
Broken-Stick model (Lotter and Juggins, 1991) were used for this purpose. 
RESULTS 
Surface sediment diatom assemblage 
A total of 23 genera and 127 taxa of diatoms were identified from the thirty oxbow lakes 
(Appendix 3.1). The modern diatom assemblages were dominated by planktonic diatoms, with 
total mean relative abundance of 70%. The most common planktonic genera observed were 
Aulacoseira, Cyclotella, Cyclostephanus, and Stephanodiscus (Appendix 3.1). The benthic 
diatom species contributed to 30% of the total mean relative abundance. The most common 
benthic genera identified were Meridion, Fragilaria, Navicula, Nitzschia, Gomphonema, and 
Achnanthes (Appendix 3.1).   
Aulacoseira granulata (EHRENBERG) SIMONSEN was the most abundant species 
(maximum relative abundance = 66%) and was the only species to be present in all thirty lakes. 
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Aulacoseira pusilla (F. MEISTER) TUJI (maximum relative abundance = 44%) and HOUKI and 
Cyclotella menighiniana KÜTZING (maximum relative abundance = 35%) were slightly less 
abundant and present in twenty seven of thirty lakes. Most abundant benthic diatom species was 
Meridion spp. (maximum relative abundance = 19%, present in 5 lakes) and Nitzschia palea 
(KÜTZING) W. SMITH (maximum relative abundance = 12%, present in 20 lakes).  
The lakes sampled during the March floods had a higher abundance in planktonic 
diatoms; all the lakes consisted of more than 60% planktonic species except Upshaw Lake with 
30% planktonic diatoms. The % planktonic diatoms were more variable in the lakes sampled in 
August and ranged from 30 to 90 %. Species diversity of all the lakes were assessed using Hill’s 
N2 Diversity Index (Hill, 1973), Maddox Bay had the most diverse species assemblage (N2 = 
28), the lowest species diversity was observed in Horseshoe lake-33 (N2 = 2.2).  
Calibration data set 
DCA axis 1 and 2 had a gradient length of 2.5 and 2.4 SD units respectively, and 
therefore support the use of unimodal response model for the ordination techniques (Birks, 
1995). The Canonical correspondence analysis (CCA) shows that the physico-chemical variables 
collectively explain 65% of the total variance in the diatom data, where 25% of the total variance 
was explained by first CCA axis and 19% additional variance was explained by the second axis 
(i.e. 44% of the 65% explained by first two axes). Many of the twenty three physico-chemical 
variables showed high variance inflation factor (greater than 10), suggesting collinearity between 
the variables. Model simplification by step-wise variable selection indicates that sill height, pH 
and temperature were most significantly contributing to the variation in the diatom species 
distribution (p < 0.005). Variance partitioning with CCA signified that maximum variance was 
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uniquely explained by sill height (5.6%), temperature (5%) and pH (4%).  Also, in the CCA 
ordination biplot (Figure 3.4 A-B) the vector of sill height was located closest to the first axis. 
The vectors of temperature and pH were located closer to each other and opposite to the vectors 
of depth and turbidity. Although, the vectors of TP and TN did not seem to be explaining the 
major variance in the diatom assemblage, most of the lakes recorded were classified as eutrophic 
to hyper eutrophic due to their extremely high values (Appendix 2.1). The water chemistry 
parameters from the oxbow lakes are discussed in more details in chapter 2 of this dissertation. 
In the CCA biplot (Figure 3.4 A-B) the sampled lakes were coded based on their location in the 
floodplain i.e. within the refuge or in an agricultural land; and also based on their time sampling 
i.e. during or after the flood. The CCA biplot shows that all the sampled lakes clustered 
separately based on their time of sampling irrespective of their location within the floodplain. All 
the lakes sampled during the flood were clustered closer to the vectors of turbidity, depth and 
lake area. Also the planktonic diatoms such as A. granulata v. curvata, A. pusilla, Aulacoseira 
alpigena (GRUNOW) KRAMMER, Cyclotella pseudostelligera CLEVE & GRUNOW (IN VAN 
HEURCK) / HUSTEDT, Cyclotella stelligera CLEVE & GRUNOW (IN VAN HEURCK) / HUSTEDT, C. 
menighiniana, Cyclostephanus dubius (FRICKE) ROUND, Stephanodiscus minutulus (KÜTZING) 
ROUND, Stephanodiscus parvus, Stephanodiscus hantzchii GRUNOW (IN CLEVE & GRUNOW), and 
Asterionella formosa  (HASSALL) were located closer to the vectors of turbidity and depth (Figure 
3.4 A-B, Figure 3.5). Some solitary, motile pennate (bilaterally symmetrical) diatoms such as 
Nitzschia acicularis, Nitzschia palea and tychoplanktonic Fragilaria pinnata were also located 
close to the turbidity and depth vectors. The lakes sampled after the flood were more scattered on 
the CCA biplot and were closer to the vectors of sill height and conductivity. Even though, the 
benthic diatom species such as Gomphonema parvulum (KÜTZING) KÜTZING, Achnanthes 
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lanceolata (BREB. EX KÜTZING) GRUN. IN CLEVE & GRUNOW, Amphora ovalis (KÜTZING) 
KÜTZING, Navicula radiosa (KÜTZING), Fragilaria delicatissima (W. SMITH) LANGE-BERTALOT, 
Navicula cuspidata (KÜTZING) D. G. MANN and Cymbella spp. were located closer to the axis of 
sill height (Figure 3.4 A-B, Figure 3.5); the percentage of planktonic diatoms was still quite high 
and also variable in the lakes sampled after the floods.                                                                                                                              
   The transfer function was developed for sill height (∆H) as it uniquely explained 
the highest variation in the modern diatom data set. Both weighted averaging (WA) with inverse 
and classical deshrinking and weighted averaging-partial least square (WA-PLS) were conducted 
with jack knifing as the cross-validation technique. The performance of transfer function model 
is summarized in the Table 3.1 and Figure 3.6. Two-component WA-PLS was selected over WA 
with inverse de-shrinking as it had the lowest RMSEP (1.08) and highest R
2
jack (0.35) and 
therefore performed better than three component and one component (equivalent to a simple WA 
model) (Birks et al., 1998).  
 The optima and tolerance for sill height above bank-full elevation was calculated 
based on 83 diatom taxa (relative abundance > 1 %). The species with low optima and tolerance 
for sill height (i.e. indicator species for floods) were planktonic S. minutulus, A. alpigena, and 
benthic M. circulare v. constrictum etc.; and, the benthic species Navicula cuspidata, Achnanthes 
lanceolata, and Amphora ovalis had high optima and low tolerance for sill height (i.e. indicator 
for dry condition) (Figure 3.7).   
Adams Bayou gravity core 
210
Pb and 
137
Cs dating  
210
Pb dates were calculated using the constant rate of supply dating model (CRS, Appleby 
and Oldfield, 1978). The total supported and unsupported 
210
Pb reached equilibrium at a depth of 
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48 cm (Figure 3.8 A). The 1963 
137
Cs peak was observed at a depth of 36.5 cm (Figure 3.8 B). 
The 
210
Pb calculations were made using the 1963 
137
Cs peak as a reference point (Appleby, 2001) 
and showed that the top 50 cm of the core spans 50-60 years. The mean sedimentation rate 
during this period was found to be relatively constant and was estimated at 0.81± 0.09 cm y
-1
 
(Mean Accumulation Rate: 0.34 g cm
-2
 y
-1
).    
Fossil diatom assemblages 
In total, 22 genera and 55 species of fossil diatom assemblages were identified in the 
Adams Bayou gravity core. The dominant planktonic genera were Aulacoseira, Cyclotella, and 
Cyclostephanus and the most dominant benthic genera were Gomphonema, Navicula, Meridion, 
Eunotia, etc. (Appendix 3.2).   
The gravity core was partitioned into three significant diatom assemblage zones- DAZ 1 
through DAZ 3 (top – bottom) (Figure 3.9 A-B).  
Zone DAZ 3 (0.5 – 9.5 cm; estimated age: 2008 - 1996). This section was dominated by 
planktonic species most predominantly A. granulata (MRA= 27%, 2.5 cm, est. 2006), A. pusilla 
(MRA= 55%, 9.5 cm, est. 1996), Aulacoseira ambigua (GRUNOW) SIMONSEN (18%, 9.5 cm, est. 
1996), C. pseudostelligera (MRA= 16%, 2.5 cm, est. 2006) etc. Among the benthic species, 
Meridion spp. (MRA= 27%, 7.5 cm, est. 1999) and Gomphonema parvulum (KÜTZING) KÜTZING 
(MRA= 9%, 7.5 cm, est. 1999) were most dominant.  
The total % planktonic diatom abundance ranged from 38 % (depth 0.5 cm) to 82% 
(depth 9.5 cm). Even though the % of planktonic diatoms decreased gradually from 2.5 cm depth 
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till 6.5 cm depth, the planktonic diatoms accounted for more than 50 % of the total abundance. A 
dip in % planktons was recorded at core depth of 7.5 cm (25 %, est. 1999).   
The highest value of % LOI was recorded at the 0.5 cm depth (25 %) and corresponded 
with the 2008 flood. The % LOI steadily decreased from 16 % - 12% from 2.5 cm depth 
(est.2006) - 9.5 cm depth (est. 1996). Relatively higher values of % LOI (16 %) were recorded in 
year 2006 (2.5 cm) and 2000 (6.5 cm) which were dry years as per the river gage data. The 
diatom assemblage however, did not record dry conditions in the year 2000. % LOI did not show 
any strong trends with the changes in river gage data. The highest percentage of % silt was 
recorded at 0.5 cm depth (61%, est. 2008) followed by 9.5 cm depth (59 %, est. 1996). Both the 
years were wet years as per the river gage data. The % silt however, did not vary very much 
according to the changes in the river gage data. MS values ranged from 4.1 to 9.5, the values did 
not vary much within this section, with the lowest value recorded at 0.5 cm (est. 2008), probably 
due to dilution of the signal due to high water content in the sediment section. The MS values 
gradually decreased till the 7.5 cm (est. 1999), highest value was recorded at 9.5 cm depth (est. 
1996).    
The zone DAZ 2 spanned from 9.5 – 22.5 cm (estimated age: 1996-1980). In this zone 
the relative abundance of benthic diatoms- N. radiosa (MRA: 67%, 17.5 cm, est. 1986), G. 
parvulum (MRA: 50 %, 18.5 cm, est. 1985) and Meridion spp. (MRA: 35 %, 19.5 cm, est. 1984) 
was higher than planktonic species – A. pusilla (MRA: 16 %, 12.5 cm) and A. granulata (MRA: 
25%, 14.5 cm). The percentage of planktonic diatoms decreased steadily from 9.5 cm (est. 
1996); the values were less than 20 % of the total diatom abundance after 14.5 cm (est. 1990) till 
17.5 cm (est. 1986) depth in this section. A small increase in the percentage of planktons was 
observed at 18.5 cm depth (14 %; est. 1985), followed by a decrease in value with depth. In this 
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section of the sediment core, the % LOI decreased very gradually with depth. The values did not 
show much variation and ranged from 16 –11 %. Slightly high values were recorded at core 
depth 17.5 (15 %, est. 1986) and 18.5 (16 %, est. 1985) followed by a decrease at depth 19.5 cm 
(11%, est. 1984). Similar to the previous sediment section, the % LOI did not vary much with the 
river gage data. The %silt concentration was usually higher 50 % in the sediment section with 
the exception of 38 % at 14.5 cm depth (est. 1990). The highest value of 63 % was recorded at 
18.5 cm. (est. 1985).  The MS values increased gradually from 9.5 cm depth, with peak values at 
16.5 cm (est. 1988). The values further decreased steadily till the end of this sediment section at 
22.5 cm (est. 1980).  
Zone DAZ1 represented the core depths 22.5 – 32.5 cm (estimated age: 1980-1968). This 
section of the sediment core was dominated by benthic diatom species M. circulare (MRA: 16 
%, 25.5 cm, est. 1977), G. parvulum (MRA: 46%, 32.5 cm, est. 1968), and G. angustum 
AGARDH (MRA: 36%). Meridion spp. (MRA:  42 %, 22.5 cm, est. 1980) and G. parvulum were 
present throughout this sediment section. Cocconeis spp., Amphora spp., N. amphibia and A. 
lanceolata appeared only at depth 26.5 cm (estimated 1975). The percentage of planktonic 
diatoms was lowest in this sediment section with no planktonic diatoms recorded at the core 
depth 21.5 cm, 30.5cm and 32.5 cm. A. granulata was the only planktonic diatom species 
recorded (MAR: 10 %, 7.5 cm).  
The % LOI, and ranged from a high of 12 % (27.5 cm, est. 1974) to a low of 7 % (30.5 
cm, est.1970) in this section of the sediment core. The values decreased gradually from 22.5 cm - 
32.5 cm and were not significantly correlated with the peak river stages. % Silt values were high 
in this section and ranged from 62% to 59 %. The MS values varied most in this section of the 
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sediment core; and ranged from a low of 6.1 at 22.5 cm (est. 1980) to 19.2 at 32.5 cm (est. 1968). 
The values increased significantly from the top till bottom of the sediment section.  
Sill height reconstruction and validation 
The ΔH recon for 2008 – 1968 were compared with the peak river gage data from the 
nearest USGS gaging station located at Clarendon. Comparisons were also made with ground 
water level data from the USGS well no 2, Monroe County, completed in the alluvial terrace 
deposit. This well was selected as it had a continuous record of ground water level without any 
hiatus and because of its location within an agricultural area was a good representative of 
increasing agriculture practice in area affecting the ground water level.  
The reconstructed sill height (ΔH recon) ranged between 1.2 m to 3.6 m. The lower 
values of ΔH recon represent flooded conditions and the higher values represent the dry or non-
flooded conditions.  
 In DAZ 3, the upper, recent section of the sediment core (0.5 – 9.5 cm, est. 2008 - 1996) 
had mostly lower ΔH recon values ranging from 1.3 m – 2.6 m. Low ΔH recon values at 0.5 cm 
(est. 2008), corroborated with high % planktonic values,  peak flood stage, high LOI and silt 
particles. Similarly low ΔH recon values were estimated for 3.5 cm (est. 2004), and 9.5 cm (est. 
1996) and correlated with peak river stages. High ΔH recon values at 2.5 cm, 4.5 cm and 7.5 cm 
depth (est. 2006, 2002, and 1999), correlated with higher abundances of benthic diatoms  
Meridion spp. N. radiosa and G. angustum. Also the ΔH recon for 2000 and 1999 represented 
flooded and dry conditions in the lake respectively; however it was not a good fit for the river 
gage data which showed a drought and flood conditions for these years respectively. 
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DAZ 2, (9.5 - 22.5 cm, est. 1996 – 1980) the ΔH recon ranged from 2.1m (17.5 cm, est. 
1986) to 3.6 m (22.5 cm, est. 1980). The ΔH recon followed an increasing trend from 1.5 m at 
9.5 cm depth (est. 1996) till 3.6 m at 22.5 cm depth (est. 1980), representing a drier system. The 
high ΔH recon values were synchronous with the increasing abundance of % benthic diatoms. A 
dip in the ΔH recon was observed at the 17.5 cm (2.1 m, est. 1986) with simultaneously lower 
values in benthic diatoms such as Meridion spp., and G. angustum. This was followed by a slight 
increase in ΔH recon value (3.2 m) at depth 18.5 cm (est. 1985). This increase was however 
related to high % silt values, % LOI and a slight increase in % planktonic diatoms even though 
the section was predominantly benthic. Comparison with flood peaks show that contrary to 
expectation, the ΔH recon follows similar trend as the flood peak. This means that the ΔH recon 
was low (representing wet conditions) when the flood stage depicted a drier condition and vice 
versa. 
In DAZ 1(22.5 – 32.5 cm, est. 1980 - 1968). The ΔH recon values were generally high in 
this zone and ranged from 1.2 (25.5 cm, est. 1977) to 3.6 m (30.5 cm, est. 1970). This zone was 
signified by extremely low values of planktonic diatoms in this zone. Comparison with the peak 
flood stage data showed similar results as in DAZ 2 i.e., the ΔH recon followed the same trend as 
the peak flood data. Interestingly the higher and lower values in the ΔH recon and peak floods 
correlated with the relative abundance of Meridion spp., and G. parvulum which also constituted 
the most abundant species in this zone.   
The ground water level varied between -2 to -3 m below the ground surface. Higher 
ground water levels were recorded in years 1974, 1975, 1980, 1985 and 1993; these peaks in 
ground water level corroborated with peaks in river gage data in these years. The ΔH recon also 
represented wet years for all these years except 1980 an 1985. Dips in ground water levels were 
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recorded in years 1970, 1977, 1980 and 1980, and correlated with lower river gage heights. The 
ΔH recon corresponded to changes in the ground water level data, and represented drier 
conditions during the above mentioned dry years.  
After 1993 the ground water levels were on a constant decline from -3 to -8 m below 
ground surface in 2008 and did not correspond to changes in river stage. Even though the ΔH 
recon responded better to the changes in river gage data as opposed to the ground water level 
after the 1993 the diatom assemblage shift corresponded to this significant decrease in ground 
water level data. The major shift in diatom assemblage consisting of a predominantly planktonic 
diatom assemblage represented an open water-nutrient rich system. The better capability of ΔH 
recon to mirror flood events does not in any way signify or provide proof that the flooding 
intensity had increased in the area. It suggests that the diatom assemblage from 2008-1993 was 
more similar to the modern surface diatom assemblage providing a better analog and allowing a 
better predictive capability. 
DISCUSSION 
In this study the surface diatom assemblages varied with depth and lake sill height above 
bank-full elevation. The lake sill height governed the duration of river contact for each lake and 
to certain extent the height of standing water column in each lake. Fluctuations in water levels 
caused by flooding have been shown to correlate with changes in available light, nutrients, 
chemical conditions, stratification and mixing regimes by Engle and Melack, (1993) and Wolin 
and Duthie (1999) amongst others.  
The lakes at high water stages have also been shown to have higher percentage of 
planktonic or free floating diatoms that prefer the open water conditions (Wolin and Duthie, 
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1999). In this study the spring sampled lakes were abundant in planktonic species and motile 
benthic diatoms. Presence of thickly silicified diatoms such as Aulacosiera species which require 
turbulence to stay afloat in the water column is a strong indicator for river induced disturbance 
i.e. flood. Similar to LWRFP lakes, the planktonic diatoms such as A. granulata, Cyclotella 
pseudostelligera and Cyclostephanus invisitatus were also observed in abundance in all the parts 
of the river and wetland during short/high magnitude floods in the Jackson Bottom Wetland, 
Oregon by Weilhoefer et al. (2008). River flooding was found to be the strong control for the 
percentage of planktonic diatom species in the lakes of Mackenzie and the Slave River Deltas 
(Hay et al., 1997; Sokal et al., 2010). Lakes with higher river contact were abundant in the 
planktonic diatoms Asterionella formosa (HASSALL), S. parvus, S. minutulus, Nitzschia 
acicularis and Nitzschia palea in in Mackenzie delta lakes, Canada (Hay et al., 1997; Hay et al., 
2000; Michelutti et al., 2001). Likewise in the current study, higher abundance and presence of 
the planktonic diatom communities in all except five of the calibration lakes in this study could 
be attributed to White River floods. 
It has been shown that the lakes with less river contact are less disturbed and also regain 
transparency faster after a flood. Higher availability of light and steady conditions are suitable 
for the growth of littoral diatoms particularly bottom dwelling, stalked benthic diatoms, and 
epiphytic diatoms (Weilhoefer et al., 2008). Increased abundance of benthic algae was also seen 
in the Mackenzie Delta lakes as the flooding decreased and lake became more transparent 
(Michelutti et al., 2001; Squires and Lesack, 2001). The predominance of benthic diatoms was 
also observed in floodplains and wetlands with less river influence in the Rhine and Meuse 
Rivers by Van den Brink et al. (1994). Hay et al. (1997) and Hay et al. (2000) also show that the 
presence of benthic diatoms Gomphonema species and Navicula radiosa was related to higher 
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macrophyte growth (providing diatoms a surface to grow) and reduced river disturbance i.e. a 
steady system. However in the LWRFP the abundance of planktonic diatom was still quite high 
even in the lakes sampled after the 2008 flood, and suggest that the floodplain was not isolated 
and still maintained certain degree of connectivity with the river. Apart from the river flooding 
the surface diatoms indicate that the nutrient content in the lake are also governing the diatom 
assemblage. On the basis of the TP and TN concentrations all of the thirty lakes were eutrophic 
to hyper-eutrophic, and this was also represented by the surface diatom assemblages. The lakes 
were abundant in diatom species such as Stephanodiscus parvus, S. minutulus, S. hatzschii, 
Cyclotella menighiniana, Fragilaria brevistriata, Nitzschia amphibia and F. ulna; known to be 
indicators of nutrient rich conditions (Patapova and Charles, 2007). It is important to note that 
the nutrient dynamics in a floodplain is an extremely complex process; studies conducted in 
other floodplains have shown that the nutrient enrichment in floodplain lakes could be caused by 
internal loading of nutrients in isolated lakes, or the input of agricultural runoff in lakes located 
closer to fields (Søndergaard et al., 2002; Edlund et al., 2009). Several studies have also reported 
the role of river floods in fertilizing the floodplain (Junks et al., 1989; Brink et al., 1993). 
However, more analysis is needed to determine the exact source and cause of nutrient 
enrichment in the LWRFP lakes. Nevertheless, the diatom assemblages from the surface 
sediment samples were successful in identifying sill height as the most significant variable 
governing the ecology of the oxbow lakes, as was shown by step-wise model selection method.  
In the sediment core the planktonic diatoms were most abundant in the upper, recent 
section 0.5 cm - 9.5 cm depth (est. 2008 – 1996), and gradually declined with the depth. The 
high abundance of free floating planktonic diatom species along with the presence of diatom 
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species normally associated with eutrophic conditions, in the upper section of the sediment core 
signifies that the lake was a nutrient rich, open system with more river influence. 
On the contrary the lower section of the sediment core particularly from 9.5 – 32.5 cm 
depth (est. 1996 – 1968) had high abundance of attached benthic diatoms which require a steady 
water column with high transparency for growth; suggested that the Adams Bayou was a more 
stable system allowing benthic diatom community to develop.  
 The reconstructed sill height (ΔH recon) was not very successful in capturing the 
changes in river stages. The ΔH recon was more efficient in estimating flood and dry conditions 
in the lake in the upper, planktonic diatom rich section of the sediment core as opposed to the 
lower section. Because the surface diatom assemblage of the flooded lakes was predominantly 
planktonic diatoms; the low abundance or lack of the planktonic diatoms in the sediment might 
affect the predictive ability of the transfer function. It might lead the transfer function to infer 
higher values of ΔH recon suggesting a dry and stable condition during a wet year. Such a 
situation is called a non-analogue condition. Similar conditions, where the predictive ability of 
the transfer function has been affected by the lack of good modern analogue has been reported by 
Yang et al. (2008) in their studies in the Yangtze River floodplain, China and Rosén et al. (2001) 
in their climate change transfer function etc. The comparison of ΔH recon and the diatom 
assemblage with other proxies such as % LOI was not very useful, since the %LOI gradually 
decreased with depth in the core probably due to preservation issues. The ΔH recon however 
responded more to the changes in the ground water level in the area. The ground water has been 
on a steady decline in the study area since 1996, irrespective of the major floods experienced by 
the White River in years 2008, 2007, 2002 and 1997 and very dry years such as 2006 and 2000. 
Dramatic increases in groundwater withdrawal rates from in and around the lower White River 
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floodplain since 1965 till 2000 have been reported by Mckee and Hays (2002). The water levels 
have been found to decline at a rate greater than 1 ft/year for several years at certain sections of 
the alluvial aquifer (Schrader, 2001). In the current study this decline in ground water level has 
been used as a proxy for increased agricultural practices in the area. In the sediment core the 
increased abundance of planktonic diatom community and eutrophic indicators corroborates with 
the increased demand of groundwater also suggesting increase in agricultural practices in the 
study area. Similar shifts in diatom assemblages from predominantly benthic to planktonic 
assemblages were also observed by Ramstack et al. (2003) in the lakes from all the ecoregions in 
the state of Minnesota. Engstrom et al. (2009) and Edlund et al. (2009) also observed similar 
trends in upper Mississippi Valley related to increased agricultural practices.  
Even though the Adams Bayou Lake was located inside the White River Wildlife Refuge 
and was not directly surrounded by agricultural farms, there have been changes in its watershed 
over time with increase in agricultural practices. The AB Lake seems to be archiving these 
changes; however analysis of fossil records from other oxbow lakes in the study site would 
provide a better insight. This study emphasizes the complex processes that might be governing 
the floodplain dynamics and hence the need for more detailed and long term studies in the area.      
CONCLUSION 
The paleo-flood reconstruction was not very successful in recording the variations in the 
White River flood stages. Major shifts in diatom assemblage did not cross-correlate with 
hydrological variations, the reconstruction however did allow for broad comparisons. The fossil 
diatom assemblages might record more of site specific changes than to variations in the White 
River stages. Comprehensive analysis of sediment core fossil diatoms collected from lakes with 
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varying degrees of river connectivity and sedimentation rates; along with stronger chronology 
would aid to understand the complex river dynamics better. Inclusion of more lakes in the 
training set will also help in capturing the environmental gradient better and make the 
reconstruction more robust. Further, studying the lakes over a temporal scale would help to 
understand the seasonal variability in the modern diatom community, and during floods of 
different magnitude and intensity.  
In conclusion it can be said that this chapter showcases the potential and limitations of 
using oxbow lake sediments as archives for past flooding events as well as land-use changes in 
the watershed. It also emphasizes the need for future paleolimnological studies in the area to 
better understand the role of human impacts and possible natural conditions on shaping the 
floodplain dynamics.  
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Table 3.1 Table summarizing the performance of transfer function development using WA and 
WA-PLS for sill elevation. RMSE is the root mean square error between observed and 
inferred, R
2
jack is the correlation between predicted and observed values using leave-
one-out cross validation and RMSEP is the root mean square error of prediction based 
on jack-knifing. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Model     R
2
 RMSE apparent R
2
jack RMSEP 
WA classical 0.70 0.85 0.32 1.15 
WA-PLS (1 comp)= (WA inverse) 0.70 0.72 0.30 1.13 
WA-PLS (2 comp) 0.86 0.50 0.35 1.08 
WA-PLS (3 comp) 0.92 0.38 0.34 1.12 
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Figure 3.1 Map of Arkansas with the encircled area showing location of the 
study area along the lower White river.  
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Figure 3.2  Map of Lower White River, the dots represent the location of the study lakes. Dots 
were color coded based on their time of sampling. Black dots represent lakes sampled 
during the 2008 floods; red dots represent the lakes sampled after the floods. The 
green stars on the map mark the position of USGS gaging stations along the Lower 
White River.   
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Figure 3.3 Map of the study site showing the location of Adams Bayou Lake (blue star), Monroe 
County where the sediment core was extracted. The groundwater level data was 
plotted from the USGS wells (encircled triangles) to show the decline in water table 
over time. Data for this study was used from the well circled in red. (Source: USGS)  
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Figure 3.4 A. Canonical correspondence analysis (CCA) of oxbow lake training set. The CCA 
tri-plot shows the location of the study lakes in relation to the environmental 
variables and the distribution of diatom species. The environmental variables are 
represented by arrows. The lake symbols were coded based on their location in the 
floodplain; squares represent lakes located within the refuge, circles represent 
lakes located in the agricultural area. The diatom species are also categorized into 
planktonic and benthic species represented by open triangle and plus sign 
respectively.  
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Figure 3.4 B. Canonical correspondence analysis (CCA) of oxbow lake training set, the bi-plot 
shows the relation between diatom species; benthic species by plus sign and 
planktonic species by open triangles, location of the study lakes in relation to the 
environmental variables and the distribution of diatom species. The environmental 
variables are represented by arrows. The lake symbols were coded based on their 
location in the floodplain; squares represent lakes located within the refuge, circles 
represent lakes located in the agricultural area. The lakes sampled during the 
floods were coded in blue color; the gray color filled circles represent lakes 
sampled after the flood, and located inside the refuge; open squares were the lakes 
sampled after the flood and located inside the refuge.  Note: The abbreviation used 
for the diatom species name are listed in appendix 1.  
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Figure 3.5 A diatom plate of a few of the abundant diatom taxa in the lower White River 
floodplain oxbow lakes.  
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Figure 3.6 Graphs of calibration results; A. Showing relation between observed and diatom 
inferred sill heights, derived from weighted- averaging regression.                    B. 
Showing relation between observed and inferred sill height, derived from weighted 
averaging-partial least square regressions with cross validation by Jack-knifing.  
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Figure 3.7 Estimated optima (abundance-weighted means) and tolerance (abundance-weighted 
standard deviation) of diatom species (exceeding > 1%) from thirty oxbow lakes in 
the Lower White River floodplain along the gradient of sill height. The optimum for 
planktonic and benthic diatoms was represented as open squares and filled diamonds 
respectively.    
97 
 
 
 
 
 
 
Figure 3.8 Graphs showing A. Radiometric chronology of the Adams Bayou sediment core 
showing the 1963 depth determined from 
137
Cs record and B. 
137
Cs concentrations 
versus depth (cm), obtained from a parallel core taken from the Adams Bayou.   
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Figure 3.9 A Relative abundance of dominant diatom species (exceeding 5%) of total diatom valves counted. DAZ stands for Diatom 
Assemblage Zones. 
 
 1968 
 1970 
 1972 
 1974 
 1976 
 1978 
 1980 
 1982 
 1984 
 1986 
 1988 
 1990 
 1992 
 1994 
 1996 
 1998 
 2000 
 2002 
 2004 
 2006 
 2008 
A
g
e
 (
y
e
a
r)
DAZ3
DAZ2
DAZ1
0 2
0
A
ul
ac
os
ei
ra
 g
ra
nu
la
ta
0
A
ul
ac
os
ei
ra
 c
ur
va
ta
0 2
0
A
ul
ac
os
ei
ra
 a
m
bi
gu
a
0
A
ul
ac
os
ei
ra
 a
lp
eg
en
a
0 2
0
4
0
6
0
A
ul
ac
os
ei
ra
 p
us
ill
a
0
A
ul
ac
os
ei
ra
 sp
p
0 2
0
C
yc
ls
te
pa
hn
us
 d
ub
iu
s
0
C
yc
lo
te
lla
 s
te
lli
ge
ra
0 2
0
C
yc
lo
te
lla
 p
se
ud
os
te
lli
ge
ra
0
C
yc
lo
te
lla
 m
en
ig
hi
ni
an
a
0 2
0
C
yc
lo
te
lla
 m
ed
un
ae
0
C
yc
lo
te
lla
 in
vi
si
ta
tu
s
0
St
ep
ha
no
di
sc
us
 h
an
tz
ch
ii
0
St
ep
ha
no
di
sc
us
 p
ar
vu
s
0 2
0
4
0
M
er
id
io
n 
sp
p
0 2
0
4
0
G
om
ph
on
em
a 
pa
rv
ul
um
0
Fr
ag
ill
ar
ia
 p
in
na
ta
0
St
au
ro
si
ra
 p
se
od
o
0 2
0
St
au
ro
si
ra
 c
on
st
ru
en
s
0
M
er
id
io
n 
ci
rc
ul
ar
e 
v 
co
ns
tri
ct
um
0 2
0
M
er
id
io
n 
ci
rc
ul
ar
e
0 2
0
4
0
G
om
ph
on
em
a 
an
gu
st
um
0
N
av
ic
ul
a 
sp
p
0 2
0
4
0
6
0
N
av
ic
ul
a 
ra
di
os
a
0
N
av
ic
ul
a 
cr
yp
to
ne
lla
0 2
0
4
0
6
0
N
av
ic
ul
a 
cu
sp
id
at
a
0
G
yr
os
ig
m
a 
sp
p
0
A
ch
na
nt
he
s s
pp
0
A
ch
na
nt
he
s l
an
ce
ol
at
a
0
A
ch
na
nt
he
s m
ar
gi
nu
la
ta
0
N
ei
di
um
 sp
p
0
C
oc
co
ne
is
 n
eo
di
m
in
ut
a
0
C
oc
co
ne
is
 p
la
ce
nt
ul
a
0
C
oc
co
ne
is
 sp
p
0
A
m
ph
or
a 
sp
p
0
N
itz
sc
hi
a 
am
ph
ib
ia
Planktonic Benthic 
  
 
9
9
 
 
 
  
 
 
 
 
Figure 3.9 B The plot shows the diatom inferred sill height (m), peak river gage height (m) from USGS gaging station near St. 
Charles, Monroe County, AR., groundwater level data (m) from USGS well, Monroe County, AR, volume magnetic 
susceptibility (MS, SI), % LOI, % clay, % silt, % planktonic diatoms, and % benthic diatoms from Adams Bayou (AB) 
gravity core.
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CHAPTER 4  
FLOOD HISTORYOF THE LOWER WHITE RIVER INTERPRETED FROM 
OXBOW LAKE SEDIMENTS USING GEOCHEMICAL PROXIES 
ABSTRACT 
The Adams Bayou is an abandoned channel of the White River a tributary to the 
Mississippi River in southeast Arkansas, USA. The Adams Bayou is recharged by surface water 
during annual spring floods and receives an annual input of flood water and sediment. Various 
river modifications and land use change in the White River watershed may have affected the 
river flooding regime and also the sediment input rates into the Adams Bayou. I propose that the 
Adams Bayou archives these episodic events and therefore a 4 m long sediment core was 
extracted from the middle of the lake to explore the past flooding and land-use history of the 
lower White River floodplain. Based on AMS radiocarbon, basal age of the core was estimated 
to be ~750 years. The 
137
Cs dating indicates the sedimentation rate of 0.81 cm/year till 36.5 cm 
depth (bomb peak) and a sedimentation rate of 0.46 cm/year were calculated from 36.5 cm (1963 
A.D.) till 340.5 cm (1260 ± 40 A.D.). Magnetic susceptibility, % loss on ignition, silt particle 
concentration, and dry bulk density from the Adams Bayou sediment core was used to identify 
episodic events and changes in the White River watershed. Even though it was challenging to 
tease out flood and land-use changes, we were able to identify major land clearing events, dam 
constructions and floods represented by sediment layers with high silt content, high magnetic 
susceptibility, increased dry bulk density and relatively low organic-matter content.  
Keywords: Oxbow lake sediment, river floods, lower White River, lower Mississippi Valley, 
human impacts, grain size, magnetic susceptibility.     
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INTRODUCTION 
The river floodplain ecosystems are highly complex, dynamic, and diverse and also one 
of the most impacted environments in the world (Tockner et al., 2010). The floodplain systems 
depend heavily on the flooding regimes of the river and activities such as dam constructions, 
flow diversions, dredging of river channels and water abstraction for irrigation alter the 
hydrological regimes and flooding patterns of a river (Convention on biological diversity, UNEP 
2011). This alteration in hydrological cycle leads to disruption of flood pulses and adversely 
affects the floodplain ecosystems (Junk et al., 1989). The forested and fertile floodplain 
ecosystems are also impacted greatly by several years of agricultural activities and timber 
harvesting (Berglund, 1991). 
It is very important to understand the long term impacts of human activities on the river 
floodplain system, for development of required management and restoration plans (Miettinen, 
2003). Because in most places the available instrumental records for river modifications, land 
use changes and flood histories date back only to 70-80 years, sedimentary records has been 
found useful in extending the existing instrumental and documented records. In some cases 
significant events have also been used as a time marker in a sedimentary record (Hirschboeck, 
2003; Benito et al., 2004; Ito et al., 2010). Annual deposition of sediment in the floodplain lake 
during floods can provide high-resolution temporal records of flood events, land use changes and 
river modification activities; this also allows dating of the sediment sequence (Dearing and 
Foster, 1987; Fritz, 1989; Alliksaar et al., 2005). Previous studies at other places have shown that 
high energy events such as extreme hydrological events or erosion induced by land use changes, 
deposit layers of dense and coarse sediment (Thorndycraft et al., 1998; Bronstrert, 2003; Ito et 
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al., 2010) with low-organic content and high magnetic susceptibility (McLauchlan, 2003; Bøe et 
al., 2006; Gaiser et al., 2004). Same geochemical techniques are used in this study to determine 
if temporal records of flooding and land use history are archived in an oxbow lake of the, lower 
White River. To test these interpretations, the data will be compared with historical evidence of 
extreme flood events and land use changes within the drainage basin.   
STUDY SITE 
The study site is located in the Western Lowlands of the Lower Mississippi Valley, 
southeast Arkansas (Saucier, 1971). The White River heads in the Ozark-St. Francis National 
Forest in northwest Arkansas. It flows north into southwest Missouri and re-enters Arkansas 
flowing southeast. This stretch constitutes the upper section of the White River. The White River 
turns south at Newport, AR and flows into the Mississippi River as an 8
th
 order stream in Desha 
County, AR (Missouri Department of Conservation 201; Figure 4.1). This lower stretch of the 
White River is meandering with an extended floodplain and many oxbow lakes and is referred to 
as lower White River floodplain in this chapter.  
The upstream section of the floodplain is disturbed and is predominantly agricultural; the 
downstream portion of the floodplain is protected as the White River National Wildlife Refuge 
(WRNWR). WRNWR constitutes one of the largest remaining continuous stretches of highly 
productive, bottom-land hardwood forests in the Mississippi Valley. In 1989 this area was 
recognized by Ramsar Convention on the Conservation of Wetlands, as a Wetland of 
International Importance (U.S. National Ramsar Committee, 2009). The area is rich in aquatic 
and terrestrial diversity and is affected by spring flooding events in March and April (mean 
precipitation: 127 mm - 148 mm) and fall flooding events in November and December (mean 
 
 
110 
 
precipitation: 118 mm - 141 mm; Climatological Data Annual Summary Arkansas, 2007). For 
this study the Adams Bayou located inside the White River National Wildlife Refuge was chosen 
for extraction of the sediment cores. This lake was chosen for study because it experiences 
annual flooding and is not directly surrounded by agricultural fields so that it has relatively less 
agricultural impact. The lake is located at a distance of 2,300 m from the river and has a sill 
height of 2 m above bank-full so that it is not directly linked with the river. 
Historic land use along White River 
 The upper White River and the lower White River has undergone several years of land 
use changes. Significant land use changes in the upper White River watershed started after the 
European settlers arrived in AD 1800. This resulted in decrease in use of fire for land clearing 
and hunting by the Native American inhabitants (Missouri Department of conservation, 2010; 
Jacobson and Primm, 1994). The European settlers cleared the valley bottom forests and cane 
stands for agricultural purposes. This had direct impacts on the stream, but it was offset by the 
reduction in fire events (Jacobson and Primm, 1994). By AD 1870 large scale commercial timber 
harvesting began in the area and continued till the 1920s, this was also accompanied by extensive 
road construction efforts (Missouri Department of conservation, 2010). Overall there was 
moderate level of stream disturbance during this time. The time period from AD 1920-1960 also 
referred as the “post timber boom” caused most significant damage to the stream due to practices 
such as annual cutting and burning of timber to provide land for cattle grazing (Missouri 
Department of conservation, 2010; Jacobson and Primm 1994). These activities affected the river 
and stream discharge in the area due to loss of riparian zone vegetation (Jacobson and Primm 
1994). The upper section of the White River is also regulated by five mainstream dams, namely 
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Powersite Dam (MO, 1913) which confines the Lake Taneycomo and impounds 22 miles of the 
White River, Bull Shoals Dam (AR, 1947-1952) which impounds 86 miles of the river stretch, 
Table Rock Dam (MO, 1954-58) impounds 80 miles of the river stretch and the Beaver Dam 
(Northwest-AR, 1960) which impounds 37 miles of the river stretch (Missouri Department of 
Conservation, 2010, Lin, 2009).        
As compared to the Ozarks the delta region of Arkansas including the floodplains of the 
lower White River and the Cache River (which drains into the White River just north of 
Clarendon), underwent major changes in land use activities much later in time. In the 1920s the 
Cache River was channelized, dredged and levees were constructed (USACE, 1974). By 1937 
large tracts of wetland in the study area were converted into croplands (MacDonald et al., 1979). 
Land clearing peaked again in 1957 and 1967, and approximately 80 % of the land was cleared 
(MacDonald et al., 1979; Wilber et al., 1996). During this time the rice production also increased 
manifold especially by 1975 (Wilber et al., 1996). In the White River basin, widespread clearing 
of hardwood forests was also caused by excessive increase in soybean production from 1947 to 
1960s (The Encyclopedia of Arkansas History and Culture). Along with this the lower White 
River floodplain is also influenced by levees. The lower White River has about 150 miles of 
flood control levees (Lin, 2009); the levee construction began in the early 20th Century after the 
creation of the Mississippi River Commission (Otto and Wakelyn, 1989; The Encyclopedia of 
Arkansas History and Culture, 2010). In more recent time agriculture and fish farming practices 
in the area have continued to increase, increasing the demand of water for irrigation and 
aquaculture. These practices tend to directly use the local aquifer which has resulted in the 
depletion of ground water resources in the lower White River floodplain (Czarnecki et al., 2002). 
Czarnecki et al., 2002 also state that over the years the abstraction of groundwater has exceeded 
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the recharge in certain areas within the lower Mississippi Valley. This shows that the White 
River water shed and floodplain are impacted by several human activities and more studies are 
required to understand the paleoenvironmental changes in the area.    
METHODS 
Lake coring and sediment analysis 
The Knudson acoustic sub bottom profiler was used to overview the spatial distribution 
of sediments in the lake. The stratigraphic layers below the sediment water interface were 
identified and measured. This information was used to identify a location of high sediment 
accumulation that would be suitable for coring. A 4 m-long (composite length) sediment core 
was extracted from the center of the Adams Bayou Lake in July, 2008 using an UWITEC
®
 
percussion piston corer with a hydraulic core catcher. An additional 36 cm-long gravity core was 
also extracted from the Adams Bayou at the same locality and was used for high resolution 
analysis of the historic period. The results from the gravity core have been discussed in details in 
the chapter 3 of this thesis.  
The sediment cores were stored in a cool (4
o
C) and dark place until they were taken to 
Limnological Research Center (LRC), Minnesota. At LRC the cores were split, photographed, 
and visually described. Further, magnetic susceptibility was analyzed using nondestructive Multi 
Sensor Core Logger (MSCL) including point laser. The % loss on ignition (LOI) was calculated 
from 1 cc sediment samples by drying them overnight at 105
o
C and heated to 550
o
C for four 
hours respectively (Heiri et al., 2001). The dry bulk density and the silt particles from 0 cm – 36 
cm depth were analyzed at the Limnological Research Center, University of Minnesota and 
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expressed at % silt particles. The silt particles below 36 cm depth were counted from slides 
prepared for diatom analysis and was expressed as the number of silt particles per gram of 
sediment. 
Sediment chronology 
Cesium isotopes were used to estimate the sedimentary history for past 45 years 
(Appleby, 2001; See chapter 3 for details). Terrestrial macrofossils (bald cypress leaves) sampled 
at 340.5 cm depth near the bottom of the core were sent to Beta Analytic, Florida for accelerated 
mass spectrometric (AMS) radiocarbon analyses. The data was calibrated using IntCal04. 
STATISTICAL ANALYSIS 
Cluster analysis was performed on the magnetic-susceptibility (MS) data from the 
sediment core to find statistically significant zones using the program ZONE and the Broken-
Stick model (Lotter and Juggins, 1991). Regression analyses were also performed between all 
the measured parameters.  
RESULTS 
The AMS radiocarbon analysis (Figure 4.2) conducted on the sample taken near the 
bottom (340.5 cm) of the 4 m long core from Adams Bayou indicates that the core records a 
720±40 year-long record of sediment accumulation and dates to A.D. 1280 (1 Sigma calibration 
Cal A.D. 1270 - 1290; Cal BP 680 – 660). 137Cs analysis estimated a sedimentation rate of 0.81 
cm/year to 36.5 cm depth (bomb peak) (See chapter 3). A sedimentation rate of 0.45cm/year was 
calculated from 36.5 cm (1963 A.D.) to 340.5 cm (1260 ± 40 A.D.).  
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Correlations between the measured parameters were conducted; and the MS values show 
significant positive correlation with silt particles concentrations and dry bulk density (Figure 
4.3). A significant negative correlation was also seen between the MS and the organic matter 
content (Figure 4.3). Further, cluster analysis conducted on the magnetic susceptibility data from 
the sediment core divided it into seven significant zones (Figure 4.4 A-B; Table 4.1).  
Zone 7 (0 cm  – 63 cm; Figure 4.4 A-B): The MS values varied greatly in this section and 
some major peaks and troughs were observed. Relatively low values of MS were recorded from 
63 cm till 50 cm with values ranging from 2.8 to 8 10
-5
SI units respectively. Further the values 
were on an increasing trend from 50 cm till 45 cm, with MS value of 18 10
-5
SI units. 
Fluctuations in the values were observed from 44.5 cm till 22.5 cm. A big peak was observed at 
34.5 cm with MS value of 26.7 10
-5
SI units, and big decrease was observed at 37.5 cm with a 
value of 8. Relative decrease in the values was observed after 34.5 cm with significant dips in the 
MS values at 29.5 cm and 22.5 cm. The % LOI content also varied a lot in this section. The 
organic matter had a slight decreasing trend from 63 cm till 36 cm, with much variation between 
37 cm till 26 cm. The organic matter content further increased after 26 cm following an opposing 
trend to the MS. For the bulk density, even though the data had a lot of noise it seemed to follow 
similar trend as the MS and was strongly correlated with it (r = 0.35, n = 63, p < 0.0005). 
Zone 6 (63 cm  – 118 cm): The MS values were comparatively low, without much 
fluctuation. Also no major peaks in MS values were observed. The bulk density and silt particle 
concentration also remained low with fewer variations. The entire section was relatively darker 
in color with marked increase in plant litter in the sediment and consecutively higher % LOI 
values (ranged from 1.5 to 13). Few layers with less plant litter were also observed intermittently 
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with the organic rich darker layers. Higher numbers of siliceous spicules from sponges were also 
observed in this section while analyzing the diatom microscope slides. 
Zone 5 (118 cm  – 195 cm): The sediments were relatively lighter in color with fine 
bedding. The MS values fluctuated greatly in this zone, especially in the section from 171 cm to 
127 cm with MS values ranging from 17.7 SI to 2.1 10
-5
SI units. Around 133 cm depth major 
increase in the MS values were observed, with increased density along with presence of wood 
debris. Around 149 to 150 cm depth decrease in MS values and high % organic matter with high 
leaf litter content was observed. Significant fluctuations in the MS were also observed around 
153 cm to 156 cm. The bulk density values also changed greatly in this section and ranged from 
a low of 0.11 to 2.1 g/cc, however the silt particles did not vary as much in this section. 
Zone 4 (195 cm  – 260 cm): The sediments were bedded in this zone and light gray in 
color. The MS values ranged from 9.9 to 17.4 10
-5
SI units and the values were on a gradual 
increasing trend beyond 260 cm. A dip in the MS values was observed at 211 cm with 
corresponding peak in bulk density and relatively low silt concentrations and could be associated 
to low flow conditions. The organic content ranged from 3 – 9%; larger amount of leaf litter with 
increased bulk density (ranging from 0.28 g/cc to 1.25 g/cc) were observed in the sediment core. 
The presence of relatively fine bedded sediment associated with high organic matter content 
suggests an overall calmer and drier period with no major floods. 
 Zone 3 (260 cm – 330 cm): The MS values ranged from 9.3 to 17 10-5SI units. The 
section from 330 cm - 300 cm had bedded sediment while the section from 300 cm to 270 cm 
had an increasing trend in MS with several dips and peaks in the MS suggesting strong wet and 
dry conditions. The MS values appeared to be on a decreasing trend from 270 cm – 260 cm. The 
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organic matter content ranged between 2.9% to 9% and followed somewhat similar trend to MS, 
while the bulk density ranged from 1.9 to 0.3 g/cc. The silt concentrations were relatively higher 
in this section as opposed to the previous section, and mostly varied with the trends in MS 
values.   
Zone 2 (330 cm  – 360 cm): The MS values varied in this zone with two major peaks with 
values of 23 and 25 10
-5
SI units and the lowest value of 5.3 10
-5
SI units. The organic matter 
content which ranged from 0.2 – 9% also followed the similar trend as the MS. The MS values 
were negatively correlated with the bulk density values with values ranging from 0.4 g/cc to 2 
g/cc. This section was still abundant in coarse grained sediments, also represented by low silt 
concentrations. Fine laminations were observed in this section with the magnetic susceptibility 
values representing flood events. 
Zone 1 (360 cm  – 400 cm): This zone is marked by increased particle size with fine to 
coarse sand grains intermittent with sections high in clay and silt. The magnetic susceptibility 
varied greatly from 1.6 to 50.5 10
-5
SI units with the higher values corresponding to coarse 
sediments. The dry bulk density values ranged from 0.4 g/cc to 1.8 g/cc and the % LOI values 
ranged from 0.3 to 3.9%. The lake probably started to cut-off from the main channel in early 
1300s A. D. This section was prior to A.D. 1308 and comprises of coarse sand, potentially from 
the former river channel.  
DISCUSSION 
High energy events such as major floods involve the influx of allochthonous sediment 
and biological material into a floodplain lake and have a unique signature upon deposition into 
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the lakes floor. Studies on floodplain lake sediments by Wolfe (2006) and Bøe et al, (2006) 
amongst others have also shown that a flood or an erosional event in floodplain have specific 
sedimentological and geochemical signatures. Similarly to the above mentioned studies the 
sediment sections from Adams Bayou Lake recording high magnetic susceptibility, silt particle 
concentrations and low organic content were recognized as high energy flood or land use change 
events. The measured MS values depend on the concentration of measurable ferromagnetic 
substances such as iron sulfides and oxides in the sediment. The MS values are also affected by 
concentration of nonmagnetic (or diamagnetic) substances such as water and organic matter in 
the sediment. Higher influxes of ferromagnetic materials during a flood relative to the organic 
materials would lead to higher values of MS in the sediment (McLauchlan, 2003). Changes in 
MS values have also been shown to reflect change in the provenance of the of source materials in 
to the lake, as well as erosion in the watershed caused  by forest clearing and agricultural 
activities (Dearing et al., 1981; Thorndycraft et al., 1998). Banerjee et al. (1981) and Kadlec et 
al. (2009) also showed that the farming activities such as ploughing results in increased input of 
magnetic top soil from the farms into the river and lakes affecting the MS values in the sediment. 
Also, during prolonged flooding the high standing water column prevents air - water gas 
exchange and creates anoxic conditions in the lake’s hypolimnlion resulting in a reducing 
environment at the sediment - water interface (Devol et al., 1995). This in turn causes reduction 
of amorphous iron hydroxides Fe (III) in the sediment to the iron sulfides Fe (II) and an increase 
in MS values (Baldwin and Mitchell, 2000; Scheffer, 2004). The flood layers in the lake 
sediment are also identified by the presence higher concentrations of silt particles. Because 
clayey silt is usually deposited in the center of a lake, deposition of relatively coarse sediment to 
the center of the lake is by relatively strong water currents associated with floods and forms a 
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high density deposit (Ito et al., 2010). The dry bulk density of lake sediment also depends on the 
porosity and moisture content, therefore coarse flood sediment with less water holding capacity 
is recorded as a high density flood layer (Avnimelech et al., 2001). On the contrary, during non-
flooding conditions the lake exists as transparent, shallow-water environment (see chapter 2) 
with relatively less sediment input and therefore suitable conditions for the growth of 
macrophytes resulting in higher organic accumulation (Rowan et al., 1992; Wolin and Duthie, 
1999; Michelutti et al., 2001). The increased abundance of siliceous sponge spicules during the 
non-flooding conditions also suggests the presence of plant macrophytes, which provide an 
attachment surface for the growth of sponges and contribute to the organic content of the lake 
sediment (Gaiser et al., 2004). Prolonged dry conditions or drought leads to the contraction of 
lake size and allows for better transfer of terrestrial organic matter into the lake (Lake, 2003).  
Flood chronology and historic land use changes 
Comparison of the magnetic susceptibility, bulk density, organic matter content and silt 
particle concentrations with the available historic documents (Table 4.1; Figure 4.4 A-B) indicate 
that these parameters reflect major flood events and land use changes within the floodplain. In 
the sediment core the White River floods in the year 2008 (0.5 cm), 2002 (4.5 cm depth), 1990 
(14.4 cm) and 1975 (26.5 cm depth) were recognized by marked peaks in MS values, except the 
two most recent 100 year floods in spring of 2008. This could be due to remixing and suspension 
of sediments from closely spaced flood events leading to a decreased MS values (Cremer et al., 
2010). The low MS values could also be due to dilution of ferromagnetic signals caused by high 
organics content in the sediment as was observed in the top of the sediment core (Figure 4.3 A). 
Similarly, drought and low White River stages were also identified in the sediment core in the 
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year 2000 (6.5 cm), 1980 - 81 (22.5 cm – 20.5 cm) and 1954 (40.5 cm) marked by low MS 
values. Significant changes in all the measured parameters were observed during the period of 
1945 – 1965 (44.5 cm – 34.5 cm). The shifts in the data, especially increase in the MS values 
coincided with logging events in the floodplain and increased agricultural activities (due to high 
amount of land used for soybean cultivation). During this time period the upper White River also 
experienced regulatory activities by series of dam constructions (Table 4.1, Figure 4.4 A-B). 
Studies have shown that the flood peaks and sediment load in the river are altered by the 
damming events (Cleveland and Stahle, 1988). It was however not possible to confirm that 
similar changes in sedimentation rate were experienced by the Adams Bayou due to limitation in 
our chronology. The sedimentation rate was calculated assuming a constant sediment 
accumulation rate based on 137Cs peak at 36.5 cm sediment depth, which is not always a valid 
assumption for a dynamic floodplain system (Loizeau, 2003). This section of the sediment core 
also had traces of wood debris indicating substantial forest clearing. The regional impact of 
human activities such a land clearing have been shown to have significant effect on river 
flooding and increased sedimentation by Kadlec et al. (2009) in the Morava River floodplain, 
Czech republic and Wren et al. (2008) in the Mississippi alluvial floodplain amongst many 
others. The sediment record from the Adams Bayou actually showed signs of land use changes 
beginning from AD 1930 to 1934, which correlated with the period wetland conversion to 
cropland and increasing timber harvesting along the White and Cache Rivers (Table 4.1; Figure 
4.4 A-B). The upper White River was also undergoing major land use changes during the post 
timber boom (1920 – 1960) and has been reported to have caused maximum stream disturbance 
(Missouri Department of Conservation). Further, the time from late AD 1800s to mid AD 1900 
appeared to be relatively stable, with comparatively lower MS values. This could be concluded 
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from the presence of high amount of leaf litter in the sediment which was darker in color and had 
lower values of MS. The study area also experienced prolonged dry events such as the dust bowl 
also recorded during this time. In the late A.D. 1800s to mid-1900s commercial logging and 
damming events had begun in the upstream reaches of the White River (The Encyclopedia of 
Arkansas History and Culture, 2010) along with construction of the first set of levees; these 
events also concurred with the presence of wood debris in the sediment.  
It can be assumed that these events potentially affected the river discharge, flood pulse 
and the floodplain; such occurring has been documented in the Snake River floodplain, WY by 
Marston et al., (2005). Also, the effect of intensive logging activities of upland Oak - Hickory 
and Pine forests in the early 20th century was suggested to have affected the discharge of 
suspended and sediment and bed load of White River in Arkansas (Cleveland and Stahle, 1988). 
The effect of logging events on lake sediment has also been shown by Dearing et al. (1981). 
However not very significant increase in the MS values were observed associated to the dam 
constructions in the early 1900s. This suggests that the Adams Bayou was impacted more by the 
local land use changes in the floodplain as opposed to the changes in the upper White River 
watershed. It is important to note here that more detailed studies and stronger chronology are 
required to understand the how the sediment accumulation rates and flood pulse to the Adams 
Bayou Lake might have changed after the dam and levee construction. 
Some major changes in MS were also observed at a sediment depth of 130 cm till 170 cm 
(mid A.D. 1700s), though no known historic events corresponded with it (Table 4.1; Figure 4.4 
A-B). The presence of fine bedded sediment prior to this sediment section represented a period 
with no major disturbances. Although a steady increase in the MS values were observed 
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progressing down the core till the A.D. 1300s when the lake probably started to cut off from 
continuous flow of the river channel. This was signified by the presence of coarse river sand, low 
organic content and highly variable MS values.  
CONCLUSION  
Identification of sequential magnetic susceptibility (MS) properties, grain size and 
organic matter content from the sediment core has allowed us to establish the flooding and land 
use history of the lower White River floodplain for the past ~750 years. The sedimentary record 
shows that the lake was cut off by 1300 AD. The lake evolved as a steady and stable system and 
preserved fine laminated sediment till early 1800s. After the 1800s the lake recorded major 
changes in land use especially evident in the MS values associated with large scale clearing of 
the floodplain for agriculture. The lake seems to be affected more by the local land use changes 
within the floodplain as opposed to the changes in the upper section of White River. Few flood 
and dry events in the upper, recent section of the sediment core were also identified but sediment 
sections recording signals for major land use changes, made it difficult to tease out a high 
resolution changes in the White River stages. The study was limited by the lack of strong age 
constraints, due to availability of only one basal AMS radiocarbon date. Even though the study 
provides substantial chronological sequence for interpreting major events and allowed us to link 
the changes in the White River watershed and floodplain with historical evidence available for 
the region. So the study presents a broad temporal history of the study area. Detailed studies 
including elemental and magnetic properties of the sediment core along with high resolution 
radiometric dating can help in better interpretation of flooding signals and can be used for 
understanding its trends and frequency of occurrence. 
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Table 4.1 A record of available historical events in the study area. (Encyclopedia of 
Arkansas history and culture, 2010; Missouri department of Conservation, 
2010).    
 
Chronology Events 
2008 100 year Spring floods in March and April 
2002 Flood  
2000 Drought 
1995 Groundwater level declined due to excessive abstraction for irrigation 
1990 Flood 
1982 Flood 
1980-1981 Drought 
1975 Flood 
1963 Bomb peak 
1960-1965 Beaver Dam (at River Mile 609)  
1954-1958 Table Rock Dam (at River Mile 528) 
1957 Flood 
1954 Drought 
1952 Bull Shoals (at 418.6) 
1950 Flood 
1947-60s Soybean production increased, increased clearance of hardwood forest along the 
White River 
1940 Drought 
1945 Flood 
1937 Flood 
1936 CCC camps built at St. Charles, on the barges along White River and bayou La Grue 
1935 WRLWLR formed/CCC constructed bridges, buildings, water control structures and 
cleared waterways for transport 
1931–1934 Dust bowl 
1930 Timber harvest in White River floodplain 
1927 Flood 
1913 Powersite Dam (at River Mile 506; forms Lake Taneycomo)  
1916 Flood 
1911 Lake Taneycomo 
1900 Levee construction early A.D. 1900s  
1891 Logging and damming begins in the earliest 
1890 First set of levee construction ~12ft along the White River 
1897 Flood 
1887 Drought  
1882 Flood 
1842 City of Maberry, Woodruff county developed as a large shipping port on Cache 
River and  caused excessive lumber cutting 
1831 Steam boat travel started along with river dredging 
1260±40 AMS date 
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Figure 4.1 A. Map of Arkansas showing location of Upper White River, Beaver Lake, AR, Table 
Rock Lake, MO, Bullshoals Lake, AR and Norfolk Lake, AR formed by the dams on 
the upper White River. Also shows the lower White River and Cache River. The star 
shows the location of Adams, Bayou, in the lower White River floodplain. B. 
Location of Adams Bayou showed by star; the encircled area demarcates the White 
River National Wildlife Refuge. C. DEM of the study site. The star shows the 
location of the Adams Bayou. The lower elevation areas are coded in darker shades of 
gray and lighter shades represent higher elevations.  
Beaver Lake 
Table Rock Lake 
Bullshoals Lake 
Norfolk Lake 
B C 
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Figure 4.2 Age depth model based on AMS date near the bottom of the core, the magnetic 
susceptibility values for the core is also plotted against depth.  
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Figure 4.3 Correlation between magnetic susceptibility, % loss on ignition, dry bulk density, and 
silt particles. The significance was calculated using a two tailed test of significance. 
A. 
B. 
C. D. MS [10-5 SI] 
MS [10
-5
 SI] 
MS [10
-5
 SI]  
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Figure 4.4 A. Magnetic susceptibility (10
-5
SI units), dry bulk density (g/cm
3
), % loss on 
ignition, silt particle concentration (10
6
/g) from 4 m long composite core 
from Adams Bayou. % silt particles also shown from the gravity core 
collected from Adams Bayou (0 cm - 33 cm depth). Zone 1-7 are based on 
constrained clustering done on magnetic susceptibility data.  
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Figure 4.4 B. Magnetic susceptibility values (10
-5
 SI units) for 0.5 cm to 65.5 cm 
sediment depth from Adams Bayou Lake are plotted; the figure also shows 
the chronological sequence of flood event and major land use changes in 
the upper section of White River (Ozarks), and the lower White River 
floodplain. The sediment section from which the data is derived is also 
presented.       
2008 Flood
1980-81Drought
1996 Substantial drop in ground water levels
1920-1960 
Post timber 
boom, 
Ozarks; 
increased 
stream 
discharge
Lake Taneycomo, 1911;
Powersite Dam, 1913
Bull Shoals (1947-52)
1870-1920s Large 
scale timber 
harvest in Ozarks
Table rock Dam (1954-58)
2000 Drought
Increased soybean 
production; 
logging 1947-60s
1930-37 Wetland conversion to crop land in 
Cache River/timber harvest in White River
1975 Large area of land under rice crop in Cache 
River basin- effect on ground water  
Beaver Dam (1960-65)
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CHAPTER 5 
CONCLUSIONS 
The White River and its floodplain form a very complex and dynamic system which gets 
flooded once or twice almost every year. This study showed that major flood events such as the 
spring 2008 flood can influence the limnology of floodplain lakes. The floodplain lake 
heterogeneity was considerably lowered by the floods. Amongst the physical parameters, the 
lake sill height above bank-full was most significant variable to determine the duration of 
inundation of the lakes. However, most of the measured water chemistry and geochemistry 
variables did not vary very significantly along the gradient of flooding; also the location of lake 
within an agricultural or forested section of the floodplain did not affect the flood signature in 
these lakes. The lake sill height however was important in explaining the variability in the 
diatom assemblages from the sampled lakes.  Lakes with higher river influence were turbid with 
mostly planktonic diatoms, commonly found in the open water conditions (Wolin and Duthie, 
1999). The benthic diatoms were abundant in lakes with higher sill height and less connectivity 
with the river, which provided suitable conditions for growth of staked diatoms (Weilhoefer et 
al., 2008). The surface diatom assemblage also represented an enriched nutrient state in the 
sampled lakes, which corroborated with the high values of total nitrogen and phosphorus in the 
system. The nutrient enrichment in the lakes could be due to internal or external loading, but 
more studies are required to identify the source of the nutrients. The diatom based transfer 
function was developed for sill height as it best explained the variation of diatom assemblage 
along the flood gradient. The developed model was significant however addition of more oxbow 
lakes would make it more robust. The model was applied to the gravity core from Adams Bayou 
Lake, and was not was most strong in reconstructing the lower White River flooding and drying 
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events from (0.5 cm – 9.5 cm; estimated age: 2008-1996); as opposed to in the lower section of 
the sediment core (9.5 cm – 32.5 cm; estimated age: 1996- 1968) due to the lack of a better 
analog. The diatom assemblage shifted significantly from dominantly benthic assemblage to 
planktonic assemblage after 1996, and represented a nutrient enriched system. This shift towards 
the nutrient enriched system also coincided with the significant fall in groundwater levels near 
the study site used as a proxy for increasing agricultural activities in the area. This suggested that 
the floodplain limnology is affected by complex factors such as the local land-use as well as 
changing hydrology in the area; stronger chronological controls and detailed analysis of the 
sedimentary records might allow us to extrude past environmental conditions archived in them.   
Finally the geochemical proxies were used to establish a ~750 year (AMS date from 340 
cm depth, 1260±40 AD) long history of land use and flooding of the White River floodplain 
from the 4 m long Adams Bayou sediment core. The Adams Bayou was cut-off in the mid AD 
1200 marked by the transition from coarse sand and silt to finely bedded lake sediment. The 
presence of fine laminated sediment with substantial organic material during the sedimentary 
records shows that the lake was a stable system during the late AD 1300-1600. Major land 
clearing events began in the mid-1800 AD in the upper White River drainage basin, and 
continued till the AD 1960s (The Encyclopedia of Arkansas History and Culture, Missouri 
department of Conservation, 2010). A series of dams were also built in the upstream section of 
the White River during this time period. Land clearing events in the lower White River 
floodplain started much later (around early 1930s) and large tracts of wetlands were converted 
into agricultural fields (The Encyclopedia of Arkansas History and Culture, Missouri department 
of Conservation, 2010). Tree logging in lower White River floodplain also increased 
significantly during the AD 1947 – 1960 and was accompanied by increase in soybean farming 
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and rice cultivation in the area (The Encyclopedia of Arkansas History and Culture, U.S. Army 
Corps of Engineers, 1974). The sedimentary record from AB Lake records the geochemical 
signature for these changes however; the local land use changes in the floodplain have a stronger 
signal as opposed to the changes in upper White River watershed. In the upper most section of 
the sediment core large magnitude flood events were identified with higher values of magnetic 
susceptibility, %silt, bulk density and low organic matter content.   
In conclusion it can be said that the lower White River floodplain underwent an 
increasing amount of stress due to increasing anthropogenic activities. The sedimentary records 
were able to provide a broad temporal history of the floodplain. This study also underlined the 
limitations of using floodplain sediment cores as historic archives with the biggest challenge of 
acquiring a reliable and chronologically continuous sediment cores. Also, the impact of several 
natural and human activities on the floodplain is difficult to tease out due to the complex nature 
of the floodplain processes. However, detailed investigation of biological and geochemical 
parameters from several sediment cores along the floodplain might provide a better idea about 
the entire lower White River floodplain evolution. Further long term study of the prevailing 
limnological conditions in the floodplain would provide a better idea about the impact of 
seasonal and annual hydrological changes on the lakes.  
 
 
 
 
 
 
135 
REFERENCES 
Missouri department of Conservation, 2010. mdconline_Historic Land Use, 
mdc.mo.gov/fish/watershed/whriver/landuse/. 
 
The Encyclopedia of Arkansas History and Culture, 2010.  
http://www.encyclopediaofarkansas.net/encyclopedia/entry-
detail.aspx?search=1&entryID=1165 
 
U.S. Army Corps of Engineers (USACE). 1974. Final Environmental Impact Statement, Cache 
River basin project, Arkansas. USACOE, Memphis District Memphis, TN, USA. 
 
Weilhoefer, C. L., Y.Pan, and S. Eppard, 2008. The effects of river floodwaters on floodplain 
wetland water quality and diatom assemblages. Wetlands  28. 2: 473-486. 
Wolin, J. A., and H. C. Duthie, 1999. Diatoms as indicators of water level change in freshwater 
lakes, pp. 183–202. In E. F. Stoermer and J. P. Smol (eds), The diatoms: Applications for 
the environmental and earth sciences. Cambridge University Press. 
 
 
 
 
 
 
 
 
 
  
 136 
APPENDICES 
Appendix 1 List of abbreviated names used for diatom species. 
 
Diatom Species Name Abbreviations used 
Achnanthes lanceolata Alanc 
Achnanthes minutissima Aminu 
Achnanthes spp 1 Achnsp1 
Achnanthes spp 2 Achnsp2 
Achnanthes rostrata Arost 
Actinocyclus spp Anorm 
Aulacoseira curvata Acurv 
Aulacoseira granulata Agran 
Amphora ovalis Aoval 
Asterionella formosa Aform 
Aulacoseira alpegena Aalpe 
Aulacoseira ambigua Aambi 
Aulacoseira pusilla Apusi 
Cyclstepahnus dubius Cdubi 
Cyclotella invisitatus Cinvi 
Cyclotella lineata Cline 
Cocconeis neodiminuta Cneod 
Cocconeis placentula Cplac 
Cyclotella asterocostata Caste 
Cyclotella stelligera like Clk 
Cyclotella menighiniana Cmeni 
Cyclotella ocellata Cocel 
Cyclotella pseudostelligera Cpseu 
Cyclotella stelligera Cstel 
Cymbella spp Cymbspp 
Diatoma tenuii Dtenu 
Diatoma vulgare Dvulg 
Eunotia monodon Emono 
Fragillaria brevistriata Fbrev 
Fragillaria pinnata Fpinn 
Fragillaria cappucina Fcapp 
Fragillaria delicatissima Fdeli 
Fragillaria tenera Ftene 
Frgillaria ulna Fulna 
Fragillaria venter Fvent 
Gomphonema angustum Gangu 
Gomphonema lingulatum Gling 
 
 
137 
Appendix 1 continued 
 
Diatom Species Name Abbreviations used 
Gomphonema olivaceum Goliv 
Gomphonema parvulum Gparv 
Gyrosigma spp Gyrosigm 
Martyana martyi Mmart 
Meridion circulare var. constrictum Mccon 
Meridion circulare Mcirc 
Meridion spp Merispp 
Navicula cryptonella Ncryp 
Navicula cuspidata Ncusp 
Navicula decussata Ndecu 
Navicula gastrum Ngast 
Navicula radiosa Nradi 
Navicula spp 1 Navspp 
Nitzschia acicularis Nacic 
Nitzschia amphibia Namph 
Nitzschia dissipata Ndiss 
Nitzschia gracilis Ngrac 
Nitzschia palea Npale 
Nitzschia spp Nitzsp1 
Nitzschia vermicularis Nvire 
Pinnularia spp Pinnular 
Placoneis spp Placspp 
Sellaphora pupula Spupu 
Sellaphora spp Sellspp 
Stephanodiscus hantzchii Shant 
Stephanodiscus minutulus Sminu 
Stephanodiscus niagarae Sniag 
Stephanodiscus parvus Sparv 
Staurosira pseodo Spseu 
Surirella spp Surispp 
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Appendix 2  Relative abundance of diatom species from thirty oxbow lakes in the lower White 
River floodplain, southeast Arkansas. The oxbow lakes located inside protected, 
forested Wildlife Refuge are coded as “R” and the lakes located in the agricultural 
area are coded as “A”.  Also the time of sampling of the lakes i.e. March or August, 
2008 are mentioned in the table. 
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BELKNAPP R March 31.3 0.0 25.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
COOKS R March 34 0.4 1.5 10.0 0.7 0.0 0.0 0.0 0.0 0.0 
GREEN R March 14.5 2.4 1.2 2.4 1.8 0.0 0.0 0.0 0.0 0.0 
EAST R March 13.6 0.6 13.0 28.6 0.6 1.3 0.0 0.0 0.0 0.0 
DVB A March 7.3 3.2 4.5 4.1 0.3 0.0 0.0 0.0 0.0 0.0 
HORN A March 18.4 1.3 2.0 7.7 0.0 0.0 0.0 0.0 0.0 0.0 
MURPHY A March 13.7 1.0 3.7 11.7 0.0 0.0 0.0 0.7 1.3 0.0 
PEPPER A March 11.6 12.2 1.3 14.4 1.6 8.2 0.0 0.0 0.0 0.0 
SEVEN MILE A March 23.1 0.0 5.0 19.5 0.0 0.0 0.0 0.0 0.0 2.6 
SPRING A March 27.4 0.0 5.5 20.5 2.7 0.0 1.4 0.0 0.0 1.4 
UPSHAW A March 4.8 0.0 0.0 10.5 0.0 0.0 0.0 0.0 0.0 0.0 
WEBB A March 13.4 1.4 0.5 27.8 0.5 0.0 0.0 0.0 0.0 0.0 
ARM A August 15.9 0.3 2.1 37.8 0.0 0.0 0.0 0.6 0.0 1.8 
ADAMS BAYOU R August 28.4 2.9 27.5 3.9 0.0 0.0 0.0 0.0 0.0 0.0 
BIG BELL R August 16.6 0.0 1.9 22.0 0.0 0.0 0.0 0.6 0.0 8.3 
BRUSHY R August 20.2 0.6 21.6 5.1 0.0 0.0 0.6 1.7 0.6 5.1 
CLEAR R August 8.8 0.3 10.1 2.1 0.0 0.0 0.0 2.7 0.0 0.6 
GOOSE R August 49.0 0.5 5.2 1.6 0.0 0.0 0.0 1.1 0.0 0.0 
HONEY R August 23.8 2.2 3.8 7.8 0.0 0.0 0.0 0.0 0.0 7.8 
MADDOX BAY R August 4.8 0.0 3.3 2.1 0.0 0.0 0.0 1.2 0.0 7.9 
BIG HORSESHOE A August 21.2 0.0 1.8 10.9 0.0 0.0 0.0 0.0 1.2 1.2 
CLARENDON A August 5.5 1.0 0.0 1.0 0.0 0.0 0.0 0.7 0.0 4.6 
HICKS A August 4.4 0.0 0.0 5.9 0.0 0.0 0.0 0.6 0.0 9.7 
HORSESHOE, 33 A August 66.9 0.0 6.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
HORSESHOE RUSSEL A August 10.5 0.7 0.0 16.1 0.0 0.0 0.0 1.3 0.0 9.9 
LOWER HORSESHOE A August 11.7 0.3 2.3 44.0 0.0 0.0 0.0 0.0 0.0 7.0 
NEWPORT A August 5.7 0.0 0.7 0.0 0.0 0.0 0.0 8.7 0.0 0.0 
SLIPPERY A August 40.9 0.7 4.0 2.6 0.0 0.0 0.0 0.7 0.0 2.6 
UPPER HORSESHOE A August 24.3 0.7 2.1 25.0 0.0 0.0 0.0 4.2 0.0 2.8 
WHIRL A August 8.6 0.0 9.9 2.5 0.0 0.0 0.0 0.0 0.0 0.0 
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BELKNAPP 2.2 2.8 14.1 14.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
COOKS 0.7 6.3 3.7 0.0 0.0 0.0 0.0 6.3 0.0 1.5 2.6 0.0 
GREEN 6.1 11.5 14.5 0.0 0.0 0.0 0.0 12.1 4.8 24 4.2 0.0 
EAST 3.9 0.6 3.2 0.0 0.0 0.0 0.0 10.7 0.0 1.3 0.6 0.0 
DVB 0.0 9.6 28.7 0.0 1.3 0.0 0.0 1.9 2.9 6.4 2.5 0.0 
HORN 1.0 30.4 0.0 0.0 0.0 0.0 0.0 3.6 1.5 5.1 2.6 0.0 
MURPHY 0.7 2.0 4.7 0.7 0.0 0.7 0.0 0.7 0.7 6.7 2.0 2.3 
PEPPER 3.8 8.2 3.4 0.0 0.0 0.0 0.0 0.0 1.3 10.0 2.8 0.0 
SEVEN MILE 4.3 4.0 0.7 0.0 0.0 4.6 0.0 8.6 2.6 2.0 6.6 0.0 
SPRING 1.4 2.1 4.1 2.7 0.0 1.4 0.0 1.4 0.0 4.8 4.1 1.4 
UPSHAW 0.0 12.1 0.6 0.0 0.0 0.0 0.0 0.6 0.6 0.0 0.0 0.0 
WEBB 4.2 14.4 0.9 3.7 0.0 0.0 0.0 2.8 1.4 0.9 0.0 0.0 
ARM 8.2 0.0 0.6 0.6 0.0 2.4 0.0 12.2 0.0 0.6 0.0 0.0 
ADAMS BAYOU 0.0 0.0 5.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
BIG BELL 5.1 0.6 7.0 7.3 0.0 1.6 0.0 4.5 0.0 0.0 0.0 0.0 
BRUSHY 1.1 1.1 4.5 3.7 0.0 0.0 0.0 10.2 0.6 0.0 0.0 0.0 
CLEAR 35.1 12.2 0.0 1.8 0.0 2.7 0.0 10.7 0.6 1.2 0.0 0.0 
GOOSE 1.1 0.0 1.1 0.0 0.0 2.5 0.0 7.6 0.5 0.0 0.0 0.0 
HONEY 4.4 0.0 1.9 5.0 0.0 2.2 0.6 1.9 0.0 0.0 3.1 0.0 
MADDOX BAY 1.5 2.4 6.0 2.4 0.0 0.6 0.0 6.0 0.0 0.6 0.6 0.0 
BIG HORSESHOE 17.6 8.2 0.9 7.1 0.0 2.1 0.0 5.9 0.0 0.0 1.8 0.0 
CLARENDON 2.6 1.6 2.0 5.9 0.0 0.7 0.0 8.5 0.0 1.3 0.7 0.0 
HICKS 8.0 1.5 4.7 12.4 0.0 4.1 2.1 11.5 1.8 1.8 1.2 0.0 
HORSESHOE, 33 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.6 0.0 0.0 0.0 
HORSESHOE RUSSEL 2.6 4.6 3.3 4.9 0.0 1.3 0.0 6.6 3.6 0.0 0.0 0.0 
LOWER HORSESHOE 3.3 0.0 2.0 0.7 0.0 1.3 0.0 10.3 0.0 0.7 0.0 0.0 
NEWPORT 0.0 8.0 2.7 0.0 0.0 0.0 0.0 1.3 0.0 10.3 2.0 0.0 
SLIPPERY 7.6 0.0 2.0 0.0 0.0 2.0 0.0 2.6 0.0 0.0 0.7 0.0 
UPPER HORSESHOE 5.6 0.0 0.7 0.0 0.0 0.0 0.0 7.6 0.0 0.0 1.4 0.0 
WHIRL 0.0 2.5 2.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
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BELKNAPP 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
COOKS 0.0 0.7 2.2 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
GREEN 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
EAST 0.0 1.3 6.5 0.0 0.6 0.0 0.0 1.9 0.0 1.9 0.0 0.0 
DVB 3.2 0.0 0.0 0.0 0.0 0.0 0.0 1.0 0.0 0.6 0.0 0.0 
HORN 0.0 0.0 0.0 0.0 2.0 0.0 0.0 0.5 0.0 0.0 0.0 0.0 
MURPHY 7.0 0.0 1.7 0.0 0.7 0.0 1.0 0.0 0.0 0.7 0.0 0.0 
PEPPER 0.6 0.0 0.0 2.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
SEVEN MILE 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
SPRING 2.7 0.0 4.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
UPSHAW 0.0 0.0 0.0 0.0 0.0 0.0 1.3 0.0 0.0 1.3 0.0 0.0 
WEBB 0.0 0.0 0.9 0.0 0.0 0.0 0.9 0.0 0.0 0.0 0.0 0.0 
ARM 0.0 0.0 0.0 0.0 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
ADAMS BAYOU 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.9 0.0 
BIG BELL 0.0 0.0 0.0 2.5 0.0 0.0 0.0 0.0 0.0 0.6 0.0 0.0 
BRUSHY 0.0 0.6 0.0 1.4 0.6 0.0 0.0 0.0 0.0 1.1 0.0 0.0 
CLEAR 0.0 0.0 0.0 0.0 0.0 0.6 0.0 0.0 0.0 0.0 0.0 0.0 
GOOSE 0.0 0.0 0.0 0.5 1.4 0.8 0.5 0.0 0.0 0.5 0.0 0.0 
HONEY 0.0 0.0 0.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
MADDOX BAY 0.0 0.6 1.2 0.6 0.0 2.4 4.8 1.8 0.0 1.8 0.0 0.0 
BIG HORSESHOE 0.0 0.0 1.5 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.6 0.0 
CLARENDON 0.0 0.0 1.3 0.0 0.7 0.0 0.0 0.0 0.0 3.9 0.0 0.0 
HICKS 0.0 0.0 0.6 0.0 0.0 0.0 1.8 0.0 0.0 0.6 0.0 0.0 
HORSESHOE, 33 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.6 
HORSESHOE RUSSEL 0.0 0.0 1.6 2.6 2.0 1.3 0.0 1.3 0.0 0.0 0.0 0.0 
LOWER HORSESHOE 0.0 0.0 2.7 0.0 1.3 1.3 0.0 0.7 0.0 1.3 0.0 0.0 
NEWPORT 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.7 1.7 0.7 1.3 0.0 
SLIPPERY 0.0 0.0 0.0 0.0 0.7 1.7 0.0 0.0 0.0 0.7 0.7 0.0 
UPPER HORSESHOE 0.0 0.0 0.7 0.7 5.2 3.1 0.0 1.4 0.0 0.0 0.0 0.0 
WHIRL 0.0 0.0 0.0 0.0 2.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
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BELKNAPP 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.6 0.0 
COOKS 0.0 0.0 0.0 0.0 0.0 1.5 0.0 0.0 0.0 0.0 0.0 0.0 
GREEN 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
EAST 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.6 0.0 0.0 
DVB 0.0 0.0 0.0 0.0 0.0 0.6 0.0 0.0 0.0 0.0 0.6 0.0 
HORN 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.8 3.3 0.0 0.0 
MURPHY 0.7 1.3 0.0 0.0 0.0 0.0 0.0 0.0 3.3 2.7 0.0 0.0 
PEPPER 0.0 0.0 0.0 1.3 0.0 2.5 0.0 0.0 0.0 0.0 1.3 0.0 
SEVEN MILE 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.6 0.0 0.0 0.0 
SPRING 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.4 1.4 0.0 0.0 
UPSHAW 0.0 0.0 0.0 0.0 0.6 1.3 0.6 0.0 1.9 0.0 3.2 0.0 
WEBB 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.9 
ARM 0.0 0.0 0.0 0.0 0.0 0.6 0.0 0.0 1.5 0.0 0.0 0.0 
ADAMS BAYOU 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 5.9 0.0 
BIG BELL 0.0 0.6 0.0 0.0 0.0 1.3 0.0 0.0 1.3 0.0 0.0 0.0 
BRUSHY 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.1 0.0 0.0 0.0 
CLEAR 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.8 0.0 0.0 0.0 
GOOSE 0.0 0.5 0.0 0.0 0.0 0.5 0.0 0.0 1.1 0.0 0.0 0.0 
HONEY 0.0 0.6 0.0 0.0 0.0 0.6 0.0 0.0 3.1 1.3 0.0 0.0 
MADDOX BAY 0.6 1.2 0.0 0.0 0.0 0.0 0.0 0.0 3.6 0.0 0.0 0.0 
BIG HORSESHOE 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
CLARENDON 0.0 0.0 0.0 0.0 0.0 2.6 0.0 0.0 3.3 0.0 0.0 0.0 
HICKS 0.0 0.0 0.0 0.0 0.0 0.6 0.0 0.0 1.2 1.2 0.0 0.0 
HORSESHOE, 33 0.0 1.6 1.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
HORSESHOE RUSSEL 0.0 0.0 0.0 0.0 0.0 0.7 0.0 0.0 3.3 0.7 0.0 0.0 
LOWER HORSESHOE 0.0 0.0 0.0 0.0 0.0 0.3 0.0 0.0 0.7 0.0 0.0 0.0 
NEWPORT 0.0 0.7 0.0 0.0 0.0 0.0 0.7 1.7 0.0 0.0 1.3 0.0 
SLIPPERY 0.0 0.0 0.0 0.0 0.0 1.0 0.0 0.0 3.3 0.0 0.0 0.0 
UPPER HORSESHOE 0.0 0.7 0.0 0.0 0.0 0.0 0.0 0.0 1.4 0.0 0.0 0.0 
WHIRL 0.0 2.5 0.0 0.0 0.0 0.0 0.0 0.0 2.5 2.5 0.0 0.0 
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BELKNAPP 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.6 0.0 0.0 0.0 
COOKS 0.4 0.7 2.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
GREEN 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
EAST 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
DVB 0.0 0.0 0.0 0.0 0.0 0.6 0.0 0.6 0.0 0.0 0.0 0.6 
HORN 0.0 0.0 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
MURPHY 0.7 0.0 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
PEPPER 0.0 0.6 0.6 0.0 0.0 0.6 0.0 0.0 0.0 0.0 0.0 0.0 
SEVEN MILE 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
SPRING 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
UPSHAW 1.3 0.0 0.0 3.5 5.1 0.3 0.0 0.0 0.0 0.0 0.0 0.0 
WEBB 0.0 0.0 0.9 0.0 0.0 0.0 1.9 0.0 0.0 0.0 0.0 0.0 
ARM 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.6 0.0 0.0 
ADAMS BAYOU 0.0 2.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
BIG BELL 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
BRUSHY 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
CLEAR 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
GOOSE 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
HONEY 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
MADDOX BAY 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.2 0.0 0.0 
BIG HORSESHOE 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
CLARENDON 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.3 0.0 0.0 
HICKS 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
HORSESHOE, 33 0.0 3.2 3.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
HORSESHOE RUSSEL 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.7 0.0 0.0 
LOWER HORSESHOE 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
NEWPORT 0.0 0.0 0.0 0.0 0.0 1.3 0.0 0.0 0.0 0.0 2.7 0.0 
SLIPPERY 0.0 2.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
UPPER HORSESHOE 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
WHIRL 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.5 0.0 0.0 
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BELKNAPP 0.0 0.6 0.0 0.6 0.0 0.6 0.0 0.0 0.6 0.6 0.0 0.0 
COOKS 0.0 1.5 0.7 0.0 0.7 3.0 0.0 0.0 0.0 0.0 0.0 0.0 
GREEN 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
EAST 0.0 1.3 0.6 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
DVB 0.0 0.0 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
HORN 0.0 0.0 0.0 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
MURPHY 0.0 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
PEPPER 0.0 0.0 0.0 0.0 0.0 1.3 0.0 0.0 0.0 1.3 0.0 0.0 
SEVEN MILE 0.0 0.0 0.7 1.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
SPRING 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
UPSHAW 0.6 0.0 0.0 0.0 0.0 0.6 0.0 0.0 0.6 0.0 1.3 0.6 
WEBB 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
ARM 0.0 0.0 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
ADAMS BAYOU 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
BIG BELL 0.0 4.1 0.0 0.6 0.0 0.0 0.0 0.0 1.3 0.0 0.0 0.0 
BRUSHY 0.0 3.1 0.0 1.1 0.0 0.0 0.0 0.0 0.0 1.1 0.0 0.0 
CLEAR 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
GOOSE 0.0 0.5 0.5 1.1 0.0 0.0 0.0 1.4 0.0 0.0 0.0 0.0 
HONEY 0.0 4.4 0.9 0.6 0.0 0.0 0.0 0.6 0.6 0.0 0.0 0.0 
MADDOX BAY 0.0 0.0 0.0 0.6 0.0 0.0 0.6 0.0 1.2 0.0 0.0 0.0 
BIG HORSESHOE 0.0 0.0 0.0 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
CLARENDON 0.0 1.6 2.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
HICKS 0.0 1.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
HORSESHOE, 33 0.0 0.0 0.0 0.0 0.0 1.6 0.0 0.0 3.2 0.0 0.0 0.0 
HORSESHOE RUSSEL 0.0 2.3 0.0 0.0 0.0 0.0 0.7 0.0 0.0 0.0 0.0 0.0 
LOWER HORSESHOE 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
NEWPORT 0.0 0.0 2.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
SLIPPERY 0.0 0.0 1.7 2.0 0.0 0.0 0.0 0.0 0.7 0.0 0.7 0.0 
UPPER HORSESHOE 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
WHIRL 0.0 7.4 2.5 0.0 0.0 0.0 0.0 2.5 7.4 0.0 0.0 0.0 
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BELKNAPP 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
COOKS 0.0 2.2 0.0 0.0 0.0 0.0 0.0 0.0 1.9 0.0 0.0 0.0 
GREEN 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
EAST 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
DVB 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
HORN 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
MURPHY 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.7 0.0 
PEPPER 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
SEVEN MILE 0.0 0.0 0.0 0.0 0.0 0.0 1.3 0.0 0.0 0.0 2.0 0.0 
SPRING 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
UPSHAW 1.0 0.0 0.0 8.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
WEBB 0.0 0.0 0.0 0.0 0.0 0.0 0.9 0.0 0.0 1.9 0.0 0.0 
ARM 0.0 0.0 0.0 0.9 0.9 0.0 0.6 0.0 0.0 0.0 1.8 0.6 
ADAMS BAYOU 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0 0.0 0.0 0.0 0.0 
BIG BELL 0.0 0.0 0.0 1.9 0.6 1.3 1.9 0.0 0.0 0.0 0.0 0.0 
BRUSHY 0.0 0.0 0.0 0.0 1.7 0.0 0.6 0.0 0.0 0.0 0.6 0.0 
CLEAR 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
GOOSE 0.0 0.0 0.0 0.3 0.0 0.0 1.6 0.0 0.0 0.0 1.4 0.0 
HONEY 0.0 2.2 0.0 0.6 0.9 0.0 6.3 0.0 0.0 0.0 2.8 1.6 
MADDOX BAY 0.0 4.2 0.0 0.0 0.0 0.0 3.0 0.0 0.0 0.0 1.5 1.2 
BIG HORSESHOE 0.0 0.6 0.0 2.4 0.0 0.0 0.6 0.0 0.0 0.0 2.4 0.0 
CLARENDON 0.0 0.0 0.0 1.0 0.7 0.0 2.0 0.0 0.0 0.0 3.3 0.0 
HICKS 0.0 0.0 0.0 3.8 1.8 0.0 0.6 0.0 0.0 0.0 3.5 0.0 
HORSESHOE, 33 0.0 0.0 0.0 0.0 0.0 0.0 1.6 0.0 0.0 0.0 0.0 0.0 
HORSESHOE RUSSEL 0.0 2.3 0.0 1.6 0.7 0.0 2.0 0.0 0.0 0.0 2.6 0.0 
LOWER HORSESHOE 0.0 1.3 0.0 0.0 0.0 0.0 1.3 0.0 0.0 0.0 0.0 0.0 
NEWPORT 0.0 10.3 0.7 0.0 0.0 0.0 0.0 0.0 0.7 0.0 0.0 0.0 
SLIPPERY 0.0 0.7 0.0 2.0 0.0 0.0 0.7 0.0 0.0 0.0 0.0 0.0 
UPPER HORSESHOE 0.0 1.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
WHIRL 0.0 0.0 0.0 0.0 0.0 0.0 2.5 0.0 0.0 0.0 0.0 0.0 
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BELKNAPP 0.0 0.0 0.0 0.0 0.0 0.0 2.2 0.6 0.0 1.3 0.0 0.0 
COOKS 0.0 0.0 0.0 4.1 3.0 0.7 0.0 0.0 0.0 1.5 0.4 0.0 
GREEN 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
EAST 0.0 0.0 0.0 0.0 0.6 0.0 1.6 0.0 0.0 0.0 0.6 0.0 
DVB 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
HORN 0.0 0.0 0.0 0.0 0.0 0.0 4.6 0.5 0.0 0.0 0.0 0.0 
MURPHY 2.0 0.0 0.0 0.0 0.0 1.3 0.0 0.0 0.0 0.0 0.0 0.0 
PEPPER 0.0 0.0 0.0 0.0 0.6 0.6 0.6 0.0 0.0 0.0 0.6 0.0 
SEVEN MILE 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.0 0.0 0.0 0.0 0.0 
SPRING 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
UPSHAW 0.0 0.0 0.0 0.0 0.0 0.0 4.1 3.2 0.0 1.3 0.0 0.0 
WEBB 0.0 0.0 0.0 0.0 1.9 0.0 1.4 0.9 0.0 0.0 0.9 0.0 
ARM 0.0 0.0 1.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
ADAMS BAYOU 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
BIG BELL 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.6 0.0 0.0 0.0 0.0 
BRUSHY 0.6 0.0 1.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
CLEAR 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
GOOSE 0.0 0.0 1.1 0.0 0.0 0.0 1.1 3.8 1.6 0.0 0.0 1.9 
HONEY 1.3 0.0 0.6 0.0 0.0 0.0 0.0 0.6 0.6 0.0 0.0 0.0 
MADDOX BAY 2.7 0.0 6.0 0.0 0.0 0.0 0.0 1.2 0.0 0.0 0.0 0.0 
BIG HORSESHOE 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.6 0.6 0.0 0.0 0.0 
CLARENDON 2.0 0.7 4.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
HICKS 0.6 0.0 0.6 0.0 0.0 0.6 0.0 2.1 0.0 0.0 0.0 0.0 
HORSESHOE, 33 0.0 0.0 0.0 0.0 1.6 0.0 0.0 0.0 0.0 1.6 0.0 0.0 
HORSESHOE RUSSEL 1.3 0.0 1.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
LOWER HORSESHOE 0.7 0.0 0.7 0.0 0.0 0.3 0.0 0.7 0.7 0.0 0.0 0.0 
NEWPORT 0.0 0.0 2.0 0.0 5.0 0.0 0.0 0.0 0.0 0.0 0.0 0.7 
SLIPPERY 0.7 0.0 1.7 0.0 0.0 0.0 0.0 4.0 0.7 0.0 0.0 0.0 
UPPER HORSESHOE 0.7 0.0 2.1 0.0 0.0 0.0 0.0 1.4 0.0 0.0 0.0 0.0 
WHIRL 2.5 0.0 0.0 0.0 0.0 0.0 0.0 12.3 0.0 0.0 0.0 0.0 
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BELKNAPP 0.0 0.0 0.0 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.6 
COOKS 1.9 0.0 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
GREEN 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
EAST 2.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
DVB 0.0 1.9 0.0 4.8 0.0 0.0 0.0 1.3 0.6 0.6 0.0 1.6 
HORN 0.5 0.0 4.8 0.0 0.5 0.0 3.8 0.0 0.0 0.0 0.0 0.0 
MURPHY 1.3 0.0 3.0 6.7 0.0 0.0 6.4 0.0 0.0 0.0 0.0 0.0 
PEPPER 0.9 0.0 0.6 2.5 0.0 0.6 0.0 0.0 0.0 0.0 0.0 0.6 
SEVEN MILE 1.3 0.0 0.0 2.0 0.0 0.0 0.0 1.3 0.0 0.0 0.0 0.0 
SPRING 0.0 1.4 0.0 0.0 0.0 0.0 0.0 5.5 0.0 0.0 0.0 0.0 
UPSHAW 2.5 0.0 3.5 11.4 0.0 0.0 1.3 0.0 1.9 0.0 0.6 5.4 
WEBB 1.4 0.0 0.0 1.9 0.0 2.8 0.0 0.0 0.0 0.0 0.0 0.0 
ARM 0.6 0.0 0.0 5.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
ADAMS BAYOU 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
BIG BELL 0.6 0.6 0.0 1.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
BRUSHY 0.6 0.0 0.0 0.6 0.0 0.6 0.0 0.0 0.0 0.0 0.0 0.0 
CLEAR 1.2 0.0 2.4 3.0 0.0 1.8 0.0 0.0 0.0 0.0 0.0 0.0 
GOOSE 0.3 0.0 0.3 1.9 0.0 0.8 0.0 0.0 0.0 0.0 0.0 0.0 
HONEY 0.0 0.9 0.0 1.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
MADDOX BAY 1.2 3.0 0.0 1.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
BIG HORSESHOE 0.6 0.0 3.5 4.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
CLARENDON 6.2 7.2 0.0 2.0 0.0 5.2 0.0 0.0 0.0 0.0 0.0 0.0 
HICKS 0.6 1.2 1.2 4.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
HORSESHOE, 33 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
HORSESHOE RUSSEL 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
LOWER HORSESHOE 1.3 0.0 0.0 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
NEWPORT 3.3 7.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.0 
SLIPPERY 1.7 1.3 0.0 1.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
UPPER HORSESHOE 3.5 1.4 0.0 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
WHIRL 0.0 2.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
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BELKNAPP 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
COOKS 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
GREEN 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
EAST 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.6 0.0 0.0 0.0 
DVB 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.6 1.3 0.0 0.0 
HORN 0.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
MURPHY 0.0 1.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
PEPPER 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
SEVEN MILE 0.0 0.0 0.0 0.0 0.0 0.7 0.0 0.0 0.0 0.0 0.0 0.0 
SPRING 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
UPSHAW 0.0 0.6 0.0 0.0 0.0 0.0 0.6 0.0 0.0 0.0 0.0 0.0 
WEBB 0.0 0.0 0.0 0.0 0.9 0.5 0.0 0.0 0.0 0.0 0.9 0.9 
ARM 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
ADAMS BAYOU 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
BIG BELL 0.0 0.0 0.0 0.0 0.6 0.0 0.0 0.6 0.0 0.0 0.0 0.0 
BRUSHY 0.0 0.0 0.0 0.6 0.0 1.4 0.0 0.6 0.6 0.0 0.0 0.0 
CLEAR 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
GOOSE 0.0 0.0 0.0 0.0 0.0 0.3 0.0 1.1 0.0 0.0 0.0 0.0 
HONEY 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.3 0.0 0.0 0.0 0.0 
MADDOX BAY 0.0 0.0 1.2 0.0 0.6 2.4 0.0 0.6 4.2 1.8 0.0 0.0 
BIG HORSESHOE 0.0 0.0 0.0 0.0 0.0 1.8 0.0 0.0 0.0 0.0 0.0 0.0 
CLARENDON 0.0 4.2 0.0 0.0 0.0 0.7 0.0 0.0 0.0 4.9 0.0 0.0 
HICKS 0.0 0.0 0.6 0.0 0.0 0.0 0.0 1.2 0.0 0.6 0.0 0.0 
HORSESHOE, 33 0.0 0.0 0.0 0.0 0.0 4.0 0.0 0.0 0.0 0.0 0.0 0.0 
HORSESHOE RUSSEL 0.0 0.0 2.0 0.0 0.7 0.0 0.0 0.7 0.0 0.0 0.0 0.0 
LOWER HORSESHOE 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.7 0.0 0.0 0.0 
NEWPORT 0.0 0.0 0.0 0.0 0.7 0.0 0.0 0.0 3.3 6.0 0.0 0.0 
SLIPPERY 0.0 2.3 0.0 0.0 0.0 2.0 0.0 0.0 0.0 0.0 0.0 0.0 
UPPER HORSESHOE 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.7 0.0 0.0 
WHIRL 0.0 0.0 0.0 0.0 0.0 17.3 0.0 4.9 0.0 0.0 0.0 0.0 
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BELKNAPP 0.0 0.0 0.0 0.0 0.0 0.0 
COOKS 0.0 0.0 0.0 0.0 0.7 0.0 
GREEN 0.0 0.0 0.0 0.0 0.0 0.0 
EAST 0.0 0.0 0.0 0.0 0.0 0.0 
DVB 0.0 5.4 0.6 0.0 0.0 0.0 
HORN 0.0 0.0 0.0 0.0 0.0 0.0 
MURPHY 0.0 2.0 0.0 0.0 0.7 0.0 
PEPPER 0.0 0.0 1.3 0.0 0.0 0.0 
SEVEN MILE 0.0 0.7 0.0 0.0 0.0 0.0 
SPRING 0.0 0.0 0.0 0.0 1.4 0.0 
UPSHAW 0.0 0.0 0.6 0.0 0.0 0.0 
WEBB 0.0 0.0 4.6 0.0 0.9 0.0 
ARM 0.0 0.0 0.0 0.0 0.0 0.0 
ADAMS BAYOU 0.0 0.0 0.0 18.6 0.0 0.0 
BIG BELL 0.0 0.6 0.0 0.0 0.0 0.6 
BRUSHY 0.0 1.1 0.0 0.6 0.6 0.6 
CLEAR 0.0 0.0 0.0 0.0 0.0 0.0 
GOOSE 1.4 0.0 0.0 1.4 0.0 0.0 
HONEY 0.0 0.0 0.0 0.0 0.6 0.0 
MADDOX BAY 0.0 0.0 0.0 0.6 0.6 0.0 
BIG HORSESHOE 0.0 0.0 0.0 0.0 0.0 0.0 
CLARENDON 0.0 0.0 0.0 1.3 1.3 0.0 
HICKS 0.0 0.0 0.0 0.0 0.0 0.0 
HORSESHOE, 33 0.0 0.0 0.0 0.0 0.0 0.0 
HORSESHOE RUSSEL 0.0 0.0 0.0 0.0 0.7 0.7 
LOWER HORSESHOE 0.0 0.0 0.0 0.0 0.0 0.0 
NEWPORT 0.0 0.0 0.0 0.0 3.3 0.0 
SLIPPERY 0.0 0.0 0.0 0.0 0.0 0.0 
UPPER HORSESHOE 0.0 0.0 0.0 0.0 0.7 0.0 
WHIRL 0.0 0.0 0.0 0.0 0.0 0.0 
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Appendix 3 Relative diatom abundance from sediment core from Adams Bayou, Monroe 
County. 
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0.5 20.8 0.8 11.7 0.0 2.5 0.0 0.0 0.0 0.8 1.7 0.0 0.0 
2.5 27.3 5.5 0.0 0.0 0.0 0.0 0.0 1.8 5.5 16.2 5.5 0.0 
3.5 19.4 1.8 8.6 0.0 3.2 9.7 1.8 1.8 4.8 5.4 1.8 5.4 
4.5 17.8 1.9 11.2 0.0 0.0 0.0 0.0 0.0 2.8 1.9 0.0 15.0 
6.5 19.4 2.5 7.2 0.0 12.4 0.0 0.0 3.1 0.0 0.0 0.0 7.7 
7.5 11.3 0.0 0.9 1.7 0.9 0.0 0.0 1.7 0.0 1.7 3.5 0.0 
9.5 10.0 0.0 18.2 0.0 54.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
12.5 9.3 0.0 9.3 0.0 16.0 0.0 0.0 0.0 2.7 0.0 0.0 0.0 
13.5 13.5 0.0 0.0 0.0 9.9 0.0 0.0 0.0 0.0 3.6 0.0 0.0 
14.5 25.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
16.5 5.7 0.0 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
17.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
18.5 9.5 0.0 0.0 0.0 2.9 0.0 0.0 0.0 0.0 0.0 0.0 1.9 
19.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
21.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
22.5 5.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
24.5 1.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
25.5 5.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
26.5 1.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
27.5 10.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
30.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
32.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
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Appendix 3 continued. 
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0.5 0.0 0.0 0.0 0.0 0.0 4.2 1.7 0.0 6.7 1.7 4.2 0.0 
2.5 0.0 0.0 0.0 0.0 0.0 8.2 0.0 0.0 0.0 0.0 0.0 0.0 
3.5 2.2 2.7 0.0 1.8 0.5 0.5 0.0 0.0 0.0 1.8 0.5 0.0 
4.5 0.0 0.0 5.7 1.9 1.9 0.0 0.0 0.0 0.0 5.7 1.9 0.0 
6.5 0.0 1.3 1.7 0.3 1.3 0.0 0.0 0.0 0.0 1.3 2.7 0.0 
7.5 0.0 0.0 0.0 0.0 1.7 0.0 0.0 1.7 0.0 27.0 0.0 0.0 
9.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
12.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 9.3 0.0 2.7 
13.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 32.4 0.0 0.0 
14.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
16.5 0.0 0.0 0.0 0.0 0.0 1.4 0.0 0.0 0.0 34.3 0.0 1.4 
17.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
18.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.9 3.8 27.6 0.0 0.0 
19.5 0.0 0.0 0.0 0.0 0.0 6.2 0.0 0.0 0.0 34.9 0.0 4.7 
21.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
22.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 41.7 0.0 0.0 
24.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 36.9 0.0 12.6 
25.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 15.8 15.8 0.0 15.8 
26.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.2 0.0 31.7 8.4 1.2 
27.5 0.0 0.0 0.0 0.0 0.0 5.0 0.0 0.0 0.0 40.0 0.0 0.0 
30.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 30.0 0.0 0.0 
32.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 20.0 0.0 6.0 
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Appendix 3 continued. 
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2.5 0.0 0.0 0.0 5.5 0.0 5.5 0.0 0.0 0.0 0.0 0.0 0.0 
3.5 2.2 0.0 0.0 3.8 2.2 1.8 0.0 0.0 0.0 0.0 0.0 0.0 
4.5 7.5 0.0 0.0 0.0 5.7 0.0 0.0 0.0 0.0 0.0 3.7 0.0 
6.5 1.7 0.0 1.3 3.1 6.3 3.3 0.0 0.0 0.0 0.0 4.3 0.0 
7.5 8.7 1.7 0.0 0.0 0.0 0.0 1.7 4.3 4.3 0.0 8.7 0.0 
9.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 18.2 
12.5 20.0 0.0 0.0 0.0 18.7 0.0 0.0 0.0 0.0 0.0 6.7 0.0 
13.5 21.6 0.0 0.0 0.0 9.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
14.5 50.0 0.0 0.0 0.0 25.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
16.5 45.7 0.0 0.0 0.0 7.1 0.0 0.0 0.0 0.0 0.0 2.1 0.0 
17.5 33.3 0.0 0.0 0.0 66.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
18.5 46.7 0.0 0.0 0.0 0.0 0.0 0.0 1.9 0.0 0.0 0.0 0.0 
19.5 41.9 0.0 0.0 1.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
21.5 39.3 0.0 0.0 0.0 0.0 0.0 0.0 60.7 0.0 0.0 0.0 0.0 
22.5 16.7 36.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
24.5 40.8 0.0 1.9 0.0 0.0 0.0 0.0 0.0 0.0 1.9 2.9 0.0 
25.5 23.7 0.0 0.0 5.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
26.5 40.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 7.2 0.0 
27.5 25.0 0.0 0.0 0.0 0.0 0.0 0.0 10.0 0.0 0.0 10.0 0.0 
30.5 45.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
32.5 46.0 0.0 0.0 0.0 4.0 0.0 0.0 0.0 0.0 0.0 6.0 4.0 
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Appendix 3 continued. 
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4.5 0.0 0.0 0.0 1.9 0.0 0.0 0.0 0.0 0.9 0.0 7.5 0.0 
6.5 2.7 0.0 1.7 0.0 0.0 0.0 0.0 0.0 0.0 8.4 0.0 0.0 
7.5 0.0 0.0 0.0 0.9 3.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
9.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
12.5 0.0 2.7 0.0 2.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
13.5 6.3 0.9 0.0 2.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
14.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
16.5 0.0 0.0 0.0 0.0 0.0 0.0 0.7 0.7 0.0 0.0 0.0 0.0 
17.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
18.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.9 0.0 0.0 0.0 0.0 
19.5 0.0 0.0 7.8 0.0 0.0 0.0 3.1 0.0 0.0 0.0 0.0 0.0 
21.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
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24.5 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
25.5 18.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
26.5 1.2 0.0 0.0 1.2 0.0 0.0 0.0 0.0 1.2 1.2 1.2 1.2 
27.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
30.5 0.0 5.0 10.0 0.0 0.0 10.0 0.0 0.0 0.0 0.0 0.0 0.0 
32.5 0.0 6.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
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0.5 5.0 0.0 0.0 1.7 0.0 0.0 
2.5 0.0 0.0 0.0 0.0 0.0 0.0 
3.5 0.0 0.0 0.0 0.0 0.0 0.0 
4.5 0.0 0.0 0.0 0.0 0.0 0.0 
6.5 0.7 0.0 0.0 0.0 0.0 0.0 
7.5 0.0 0.0 0.0 0.0 1.4 1.7 
9.5 0.0 0.0 0.0 0.0 0.0 0.0 
12.5 0.0 0.0 0.0 0.0 0.0 0.0 
13.5 0.0 0.0 0.0 0.0 0.0 0.0 
14.5 0.0 0.0 0.0 0.0 0.0 0.0 
16.5 0.0 0.0 0.0 0.0 0.0 0.0 
17.5 0.0 0.0 0.0 0.0 0.0 0.0 
18.5 0.0 0.0 0.0 1.9 0.0 0.0 
19.5 0.0 0.0 0.0 0.0 0.0 0.0 
21.5 0.0 0.0 0.0 0.0 0.0 0.0 
22.5 0.0 0.0 0.0 0.0 0.0 0.0 
24.5 0.0 0.0 0.0 0.0 0.0 0.0 
25.5 0.0 0.0 0.0 0.0 0.0 0.0 
26.5 1.2 0.0 0.0 0.0 0.0 0.0 
27.5 0.0 0.0 0.0 0.0 0.0 0.0 
30.5 0.0 0.0 0.0 0.0 0.0 0.0 
32.5 0.0 4.0 4.0 0.0 0.0 0.0 
 
